)
o = Y

unil 2 nguuasaudteingiveq

Y

d: L= aAav A4
UNN 2 NYEAHUAZIHIRYNNYIVB

21  unn

4 4

Y o R & do w o a s v a P
fandesmiladendng luegiulumsamsizvuazesnuuy Tassadramademnssulgi fe

& @ a E) 9 9 2 v @ ! a o 2 A
mIndsuAvesveauLas Inssaduneldaaniizldnuy sumnannaisnaunmienunme
Uaym1d1ua@osnIw (stability problem) uaz 14 Factor of Safety fimmnzauiesinalymimsindouss
a n: ° Y a a a 1 Aa aa . 1 1 a e
astiv ldanuaulvlung@ns suvosdunlaouing29nNia (failure) MIFFINBOUNMIIIA (pre-

v o 5 . . { ' 1
failure) ﬂﬁ'ayla-\lmmmanwuﬁmmnﬁuuazmmm‘s’Uﬂ (stress-strain relationship) ﬁqnﬁm‘lumanau
awa o 1 oA o w A 9 a a & d o A
MsNIA Asnan AenuadiAagnzdhlangdnssuvesdu suthulszlenilumsdszinamsinaou

Av041A59a5 19 INTILNVUIAYBIAIATUA (strain) VOIAUTOUA Tnsaad1amedmanssudgilu
anmlFnuiinnieoinn Taonalihiounan 0.1% (Burland, 1989) 31l 2-1 eAsA1 modulus N10g
[} v & o ! . < . ) 1 (Y
11924 strain ¥041A593 1913 DMINATOUAING F99LMUINTN intermediate strain U liansaiadae
MINAADY triaxial HUVUNA
AN NIAIUNGANT THYBIAUAUNGANTTUNMSIAABUAINOUNISINIA (pre-failure deformation
) Y a [} o (] a od 1 '
behavior) 11 I&NAMIWARNUAzRIYUBt T AT luTNaemms sufikuan Tavezwu 18 18901
v v
mstamsdszgumadnmsszauunnmadmiuiadeii lasmwiznaioasus 10" ECSMFE
(1991), IS-Hokkaido (1994), Geotechnique Symposium in Print (1997), IS-Torino (1999) ua:a'Tq A IS-
(] o a [ a (] 1 a ea a 4 4
Lyon (2003) 8614 lsnaudayaineanumsfnymgAnssuaaensun1snia uaswganssudui
{ o [ o o a [4 gn a J LY @
ReosdmiumsianuuaemndinmaniTuguesaumilogounjunnadaiitoouin ag
o @ ° o { @ 4
wagluoniuiadedmiumsanuiiineideedsil
MIANHINGANTTUVDIAUMTIIIDOUNFUNNAAIY monotonic triaxial test TAyTANITIARDUAY
o ] 3 ' ' o .
(VY local strain measurement 63 litag 1Avimsfnywneu 8619150A1% Shibuya & Tamrakar (1999)
(102 Shibuya et al. (2001) AAnYMYANTSUVBIAMTIDIBOUNFUNWIAIY monotonic triaxial test 1Ay
o 4 @ . 2 K . . :
JANSIAADUAUUY external strain measurement FIWUIIA1 small-strain stiffness 910 monotonic
ict a d e ' } g ' . wgs . . . .
triaxial NANYNBOANNAIRININIINATOVDUNNUAZ T initial linear stress-strain relationship
[J 4 ' g 9y ¥ . .. o 1 @ 1 . 4
ahann hlddeyain ldtinnuninedierovas BAna Yimsiri (2002) 61 l8Aadeasdunan stiffness ¥
9y “ o % dy Yt a o ¥ . a1 o a o a v 1 dyy
14911 monotonic triaxial test nlaanumihzimaunu lindnaSouiounuain 1den self-

boring pressuremeter (199910 bedding error M1AADIN external strain measurement
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Stiffness G or £

Linear Elastic

104

A e : i

(ee} Typical Strain Ranges in the Field

~. j« =] Retaining Walls
\\\ “

N\

<= Foundations

f« <—wef Tunnels

I ———

Nonlinear Elastic
o e

N\
Preyield Plastic ™
.

Full Plastic ™

il
10!

>
103 102

Strain %

10°¢ 100

Dynamic Methods

-

SR

Local Gauges

-

Conventional Soil Testing

-

{b) Typical Strain Ranges for Laboratory Tests

' o (a o . : ' ' v Y
1 modulus mﬂauu"lﬂﬂ‘u strain UAZUAAY (a) YUIAVDY strain 7$ﬂ11ﬂﬂ15ﬂ8ﬁ5101ﬂ50ﬁ51\1

MaUg#A199 (after Mair, 1993) 1Az (b) YHIAYA strain 13A 1A1IAMISNAADUA1 (after

Atkinson, 2000)

v d'd 1 a 4' 5
2.2 ﬁmvnuwaﬂsznuquﬂnﬁun small-strain

‘lilﬂial‘ﬁﬂaﬂ'liﬂﬂﬁﬂﬂ small-strain stiffness ¥93aU 1ABINIZUININNTNARBILLL dynamic AL

@29619 undisturbed Y130 reconstituted clay, M30A29U1 reconstituted sand Mo ldanmaNwAULLY

isotropic NINAN pUNHuy19A0 resonant column 13 bender element ﬁagﬂu triaxial system a7

[

a
on

1 1 -3 . H 1 L) é 4 v L =
v lauaaaniidadora1oe19N9znTENUA small-strain stiffness YOIAUFAUNYINUNUTITUIIA

uaz Inseard19upsdn (15U vuIAvEIYMIA, YUIARAZ, ANUMUINIY) tazlseIAnessfiane (i

stress history, stress state, ageing, chemical processes) Hardin and Drnevich (1972) vlﬁlﬁ’ﬂuﬁﬂﬂ%ﬁ’ﬂﬁhxﬂ

(3

I J o w o w "o @ o
il 3 nqu e drdganna, dranies, uaz lidng dwaasluasiei 21
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MmN 2-1  asuniinansZNUAD shear modulus HAY damping @113V complete stress reversal.

(Hardin and Dmevich, 1972)

Importance to’

Factors Modulus

Clean sands Cohesive soils

Strain Amplitude A%

Effective Mean Principal Stress

Void Ratio

ml<|<|<

Number of Cycles of Loading

Degree of Saturation

Overconsolidation ratio

Effective Strength Envelope

Octahedral Shear Stress

Frequency of loading (above 0.1 Hz)R

Other Time Effects (Thixotropy)

Grain Characteristics, Size, Shape, Gradation, Mineralogy

Soil Structure

w | lm|lm ||| m|I<|<

c|lm|m|®|m || |R|R

Volume Change Due to Shear Strain (for strains less than

0.5%)

* V means very important, L means less important and R means relatively unimportant except as it may affect another
parameters; U means relative importance is not clearly known at this time.

b . . .
Except for saturate clean sand where the number of cycles of loading is a less important parameter.

Hardin (1978) 14fAnYINQANTI small-strain Y84 clay 1102 sand LAZWUIIA1 small-strain shear

3 (XY Yy . . N
modulus 3$YUDYNY current stress state (Tﬂtﬂ‘lﬂm mean effective stress), current void ratio, L% stress

’
2 a U " . N G ' .
history ¥93AU (Tat14a1 overconsolidation ratio OCR (= —2.)) 1 small-strain shear modulus

’
v

musnasueldansaums (2-1)

Gume _ SF(e{ﬁ—J OCR* @.1)
P. Pa
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[ . Y] '3 " J . .
Tauh G, 9 small-strain shear modulus, F'(e) ApAls NIUBYALA1 void ratio, p’ 7D mean
effective stress, p, AB reference stress (N 1¥MIANUAUYIIIAR), S, 1 Az k Aeaaiif lden

NMINAADN

v A A

1 v o d o d a
apmANudiusadwanuaums (2-1) nldgnieuelaogatuduoeiuionanisnaasa

v a a 4 v o da {J o o a
dmSvauriadug anuduwuingniauoundiulduansluasiei 2-2 Tudedales1desne

fanansznuvelesun19AONGANT I small-strain VOIAY
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2.2.1 Effective stress state

R a 3 to 1 3 . .
VINWANISANYEINY A stiffness VBIAUIZVYUBYNUAT mean effective stress L) principal

effective stress 31 2-2 LAAIAIDEIIVOIHANTINUVBA stress level AD shear stiffness YOIAUTTIAAII
(Coop and Jovicic, 1999).

~——— Dog's Bay sand
- === decomposed granite (Korea)

— — Ham River sand

79 -{3- Greensand (reconstituted)
- —[F - state dust (Rampelio et al., 1995)
10000 q 43— Tthanetsand

] —©— decomposed granite (Hong Kong)

4 —& - Rankin ("f_l
? .
01000
=
= ]
% J
£ ]
o J

100 3
3
4
10 ""] L4 L A ll'l'l L] ’TT"I" L L "'"‘1
100 1000 10000 100000
p' (kPa)
(a) sands
— sands
- === kaolin

— — Fucino clay (Rampello et al., 1995)
-————  London clay (Rampello et al., 1995)

] w Bothkennar clay
10000 == - Vallericca clay (Rampello et al., 1995)
3 —©— Nonh Ficld clay (Rampello et al., 1995)
g —4}— Boomclay
-
E 1000
b 3
E -
(0] -
100 3
10—
100 1000 10000 100000
p' (kPa)

(b) sands and clays.

gﬂ‘ﬁ 2-2 WONIZNUYDA stress level ADA shear stiffness mmﬁu«nﬁﬂdnq (Coop and Jovicic, 1999)

2-8



- a aw dd v
UNN 2 NOYHUASIIUIWYNINGIVEN

a 1 d "
aumMs (2-1) WAVYANMRULUY isotropic 8819150AM Roesler (1979) WUIIAT small-strain
4 ‘g '@ “ . P ' o Yo @ .
stiffness YUDYNU principal stress NUANANNU Tag'14v1n153@ small-strain shear modulus 910 shear
o " a 4 A ., 34 » ! &
wave velocity 1uA8819aU31gnUIAN NEATOAIUAY principal effective stresse 11AATOUTA Roesler
UK X (XY - % a o a
(1979) WUN1 shear modulus V& YUBYN principal effective stresses U shear wave auN1nas lu
o d a 4 4 X e g o & v vy
naneymnAwnioun Tavee luduegnun principal stress TunuIAIRINAUTTUILE Mfunuilld
gnoudu TaudIsunalunume (15U Yu and Richart, 1984; Stokoe et al., 1985, 1991)
UM 2-3 AR shear wave velocity AU 3 iemaidwiu (V,_,, V,_, uaz V) M

4 X i . ‘ 4
vertical effective stress (o7, ) UL TUvEN horizontal effective stress (o), uaz 0';) Hanen

& " X aa a a 4 1
(Stokoe et al., 1995) HIWUIA shear wave V,_,, Halifigmsiaumanasiinueimsindounivesoyma

auluuun out-of-plane direction AT RGRYY

A o', Change in Vertical Effective Stress
g
- 4001 (l, — Direction of Wave Propagation
£ 4 Particie Motion
>";
= 4
8 Vi
S s0of ¥
>
(]
>
«©
?
»
200 i Fnil mfemipd g U0 X -
20 40 60 80 100 200 300

Vertical Effective Stress, o', (kPa)

23 manfasunlasAnues shear wave velocity Tuiena 3 iemauanassunoldaninanuy

Wy anisotropic (Stokoe et al., 1995)

a v o g ) o . 4 1 . k1 "o
aunsiindenurhuediinldiduedmiy elastic wave 8uq A1 P-wave velocity 9z diuegAY

v []
effective stress TUNANNMIAUMANIUUAWAAIIUFUN 2-4 (Stokoe et al., 1995)
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A o', Change in Vertical Effective Stress

600 - tl — Direction of Wave Propagation
Q 1 Particle Motion
& 13 Vv 7
\:"“ z v)o{r Vo .[J’«?
=500 - # # ‘p-x.\‘ °

: Vv

> p-yy monfpdia
£ By %1 t% R
° P
[) [ ]
= 400 Vosy
[43]
>
«©
7
a

300 1 i | | S I | 1 -

-

i
20 40 60 80 100 200 300
Vertical Eftective Stress, o', (kPa)

4 d' U a a 1 o 9
g 2-4  msnffounlassiues P-wave velocity Tuiiamia 3 Aismauanansiumeldanimanudu

LU anisotropic (Stokoe et al., 1995)

2.2.2  Stress history

stress history (1@ current state (U TasuBndunilefifinadengdnssu stress-strain i small strain
Tﬂﬂ‘ﬁ’ﬂﬂ stress history ﬂzaﬁmuﬁ'wfh overconsolidation ratio Hardin and Black (1969) (/' UaW i)‘lf
W@ T luaums (2-1) (iNeR9ISRINANTENUYBA overconsolidaion ratio Tav1dkanisnageun
resonant column test AUAUIMHYINIANINNAWFHA UM R AT NEAIAS (2-2)

A overconsolidation ratio (OCR ) Tuaums (2-2) 9211 1131/4849 mean effective stress,

R=2< pr9lsfiarme ocr Aemnsoiionilugyl effective stress Tuinans (OCR = Zemexy
p v
G 2l
max _ Sf(e{LJ R* (2.2)
Pa a

1ummsaﬁ'mfmwamimﬁ 91 bender element L@ resonant column test 1At Jamiolkowski et al.
(1994) 4aAI1AN overconsolidation ratio 1NIHANTENUADAT small-strain modulus YDIAIDH1AY
a Y a a a ' . L oa v Y
mutnm'dmwmumswmswmiLﬂauuuﬂawmm void ratio 138UIDYLIAN Nﬁﬂ'\iﬂﬂﬂﬂUTﬂU

Tatsuoka and Shibuya (1991) 1102 Lo Presti (1994) #uduNA1 overconsolidation ratio lilinansenuae

1 small-strain modulus ¥®4 sand ﬁ'w

2.2.3 Void ratio

' . . a 4 X 4 A X a4 . . a
1 elastic stiffness YDIAUITINUUYULIUDAIANUHAUIUUINUUUYIIDAT void ratio AAAY 31."/1 2-5

HAAIRIBE19YDIN I AoUIRIAT shear stiffness AUAT void ratio YBIAUFHAANY aldansa
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[FUUNOVAN shear stiffness 113 TAvInAUTTAREITURMANUIMUIIUARAY 3sonaonuield
W § ' < ' R . . T
€148 normalizing function F(e) Avag1)lums1ah 2-2 0619150A 1081 void ratio function Hitlus

o

.. 2 a d a a a o 5 Y
empirical FIAATITHUIVINNTNATD U DY FUAUASAUN A FUA muuvzﬁmszumma‘lums

A 13’ . 0 :
mon ¥nIUnaIu
ov=ch'=200kPa
2w r___. s s o et Y et S T e e Y S g, Ty
t . ;
190 lr“— P e e s e s s = MRS (T963)
£ : | m———— Jarpiolkowski et al. (1991) !
180 %_.._.__ e e Polovic (1995)—. - ——--. —
i : : :
170 g SRS ———— o S e ey e e
¢ ; :
— 160+ R - -|
) H i
£ '
1
* < 150 —
<
9 140 - A
130 §—— e - NI i [ e O S ITRREERSy. SRR
® HRS (Ham Rivet Sand)
120 - = X-pKs {DuikeTkelsand)) T g T
® GB#10 - * i
(Glass Ballotini) 4 ! |
WO =i T T k :
| + : !
LT o J S——— e S e . RN e Bl
0.6 0.65 0.7 0.75 0.8
Void ratio
(a) isotropic effcctive stress state
ov'=316kPa, ch'=142kPa (p'=200kPa)
e e S o e Y A ol e e e
| : :
i 1 H
a[dn&Richart (1963] ™~
Jamiolkowski et al. (1991)
fovic {1995} - ——--=-1
1
w
o
E3
=
>
o

110 [ Bt oo AR oy rpee

100 « = S T 5 i s A g e 41 R g Sl S S 3 M S
0.6 0.65 0.7 0.75 0.8
Void ratio

(b) anisotropic cffective stress state

gﬂﬁ 2-5  WANIZNUYDIAT void ratio ABAT shear stiffness M35V (a) isotropically consolidated sample

uag (b) anisotropically consolidated sample ¥849 HRS (Kuwano, 1999)
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au'w"lsﬁmumiﬁnuw{"w1ﬂmsnﬂamuazmnmqu§ (Weiler, 1988; Houlsby and Wroth, 1991;
Viggiani, 1992; Rampello et al., 1994 (a2 1997) o vy qm'wh small-strain shear modulus Y94
overconsolidated clay Mo l@an1manuA ULy isotropic i)zigiuaq:f?u current stress state, 1 state
variable, 1L8ZA1 mean effective stress Tﬂu'lxiihtfluﬁ'mﬁms 101 void ratio ﬁ'quzu f11 small-strain shear
stiffness mminﬂzaimm’ﬂuﬂ'ﬁﬁuadﬁu 21910 3 Afl 7o), p' uaz OCR Safuaums (2-2) ae
gnisuldduaums (2-3)

Gian _ S'(L} R @2.3)
Pa D,

4 4 4 -4 1 @ 1
Tagninsoanane * e liuaNuuanamnum S, n, uas &

224  Stress ratio

Yu and Richart (1984) wuaums (2-1) Wennsaldniunanisnaasaiiiinn stress ratios

v A 1 N LA
(M=9/p) q 914 911ANANINAADY resonant column test IVIWLTUND shearing stress M3 0 stress ratio NA
a 3 ° Y a ] g Y . v '
lWU'\JUi]ZYl'ﬂWﬂ'] shear modulus UA1AAD SUTQ'[iﬂﬂ]Uﬂ'lﬂ'l stress ratio HB8NI 2.5-3.0 HANIENVYDI
o 1 1 Y U a 9 Ll 4'
UUADAT shear modulus 3 UDYNIT 10% llﬁzﬁ'lil'liﬂw915m11ﬂ319Q1uﬂ31ﬁﬂﬁ1ﬂlﬂﬁﬂuﬂlﬂﬂﬂTi'ﬂﬂﬁﬂQ
1unsMIM1 shear modulus
14
assunuiigniuduneondslaudadonaisving Rampello et al. (1997) W71A1 elastic shear
J :’1 l& LK J
modulus U84 reconstituted clay 3¥¥INNNITINATDUY drained constant stress ratio test um:"lwuagﬂum
' . 4 X 4 . .
deviator stress ratio (7]=g/p") 1 elastic shear modulus NUAUL5ZIB 20% 1IPAN deviator stress ratio
a o 1Y = ' @ 2
wu9n 0 Tdlu 0.7 Humansadud1u Pennington et al. (1997) wunlumsnaasaiuu@sinuiin
deviator stress ratio 13/1/Ha@®A elastic shear modulus sA3UAN U luluINOU
4 ° v a = 2 o o

uoAINH Rampello et al. (1997) lAtaupaumsdmivaumilnaaiunmsdaulasninaums

(2-3) Aanaasluaunis (2-4)
G at
T s;(!’—] R: (2.4)
Pa P,

Taofl R, flof stress ratio Mo ldanwAMIALIY anisotropic

2.2.5 Rate effect
o 9 A Y A o 1Y 2 da 1 a a
Bﬂi”lﬂ'lirlﬂﬂﬁlﬂﬁﬂutﬂ’]ﬁii)lli\ll‘ljuﬂ%ﬂUﬂ'I-N‘YlllWﬁﬂiZ‘ﬂ‘]JﬁﬂWi]Glﬂiill‘Uﬂ»iﬂu WANITNUUDN
on31mM3 IUTaReM stiffness YIAUMIIE7 1AVIN13ANYIINANITNAABA resonant column KA
. i . & A o 4 X ° '
torsional shear Y139 triaxial (Stokoe et al., 1994) FAAIINUNOATINI IHUsuNuYUzyh Ivan shear

a cg ] o ! o
modulus INYAUTINTUNIINAADA resonant column TuanmaNAULLY compression 0614 lsnAuwa
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MsnARBaad I I UNACARLLAAITIA small-strain stiffness TidufusAs IS IS Shibuya et
al. (1995) ﬁﬂB]Nﬁf‘li £NUYDA shear strain rate ADA1 shear modulus 9INNITNAADI cyclic torsional shear
test uRzNU IOV T W Rouinlaanin 0.005 W 0.1 Hz viulifinansznuder shear
modulus uanmnf:ﬁmivu shear strain ﬁlﬁﬂﬂ’i‘l 2 x10” A1 stiffness 2213 1ATNaNIENVN shear strain
rate, type of loading, number of cycles, 0¥ cyclic prestraining

Teachavorasinskun et al. (2002) ﬁﬂﬂﬂﬁﬂ’]ﬁﬂﬂﬁﬂixﬂﬂﬂﬂﬂ stress rate ADA1 stiffness VD4 soft
Bangkok Clay 910113NAQDY cyclic (compression-extension) triaxial tests AoasTIMs s tio lay
vertical stress rate #411A1910 0.05 kPa/min d113uA15 1911591101 monotonic 881951 vude 1000
KPa/min dM3ums I3 MUY cyclic 861052 HANMINARBAUIAATIIMN secant Young’s modulus i
119 strain thunana (g, = 0.02 - 0.2%) Wasuiasmumsideundasvessasins s

317 2-6 amemsiAvuu/aawes elastic Young’s modulus Yo sAuYTiAAf strain rate 9199 &4
st elastic stiffness (U liAuFUA strain rate (wamsmamnﬁmﬁuéﬁ;ﬂiﬂu Lo Presti et

al., 1996 1A Shibuya et al., 1996 A3Y)

LB SR Bl SR AL BRAML BRAALL BRAALL BRSALL SALLLL NR AL

Ultrasonic wave

10°F \ N
F NG d rock core P2
3 ar v
(& - -Q' ; M .‘t . _”’
Concrete \ ]
— Moﬂaf Resonant-column
NE 105'._ ?
= |
o L
S 00000 o «—Sagamihara soft rock (U)
o | a
L
Metramo silty sand (U 1 awinayuen:s Y d ca L[ N
ty 8 oan clay (U) VN N ‘L
10'F » Vo duiye ' ,.
. 08 3° =4 / Wet Chiba gravel (D) - f.
! - 1 '}H‘\ ................... 2.4 S
1 !
I 00000 U Saturated Toyoura | T P .o bt
[ % R LU pmmnie - —
v ¥ 'g LN G HNIAED e
g 0% Air-dried
88 8 Hostun sand (D)
10’ - ® - o |

Ty

N.C. Kaolm (CU TC)

FUTTOY EETTTIN ERUTIIN SIS REUTHT EPUTI EPUTT BUTm |
' 2
10° 10

3 (}

10
Strain rate, €, (%/min)

gﬂﬁ 2-6 WANIENUYVDA strain rate #OAN elastic normal stiffness (Tatsuoka et al., 1997)
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2.2.6 Aging yay time effect

NANSENLYBIIAAD stiffness HUTINF MU clay (a¢ sand MIANYITIUIUINALAAINA
small-strain shear modulus 11ztﬁ'néjuﬁunmﬁﬂmwmmﬁumﬁ (m?u Marcuson and Wahls, 1972; Afifi
and Richart, 1973; Seed, 1979 itag Daramola, 1980) mqwaﬁtﬂu'lﬂ"lﬁ'ﬁa creep, msmﬁ'au'?'mmaumﬂ
A, uazmsiuAuYes interlocking 148% cementation 38158y NAAY

317 2-7 uarmansiAouin/asves shear stiffness (G) AUNATTHIN creep MINMITNATBUAVAY
Dogs Bay sand ﬁ'ﬁmwﬂmuﬁuwzhuaz poorly graded 1@t Jovicic and Coop (1997) 3 ﬂﬁ 2-7(a)
HOAINDNIENUYDY ageing/creep O M3VILAY isotropic effective stress ﬂ'N”lltﬁz loading direction Gi‘N"']
HANTINATOUIZYN normalized AIVA1 G Suﬁ'uﬁnmqu HANINADBILAAIIINANTENUINAT
SEAUANUIRUA LTINS IRUAUDA shear stiffness 1 15% Tuszeznm 3 i Jovicic and Coop
(1997) DB IASIRUAUVBA stiffness (@31t 2-7()) Taviidaedre@negniolfms loading uaz
unloading 111! isotropic) 1191AU5ANGNITEL ageing iesnnszuaiihifl creep (1312 volumetric

strain fie1 Indguo)

1-20
500 kPa
1-15
=)
1 1900kPa
(so 1-10 o A
@ aog
i e, B
o © 2900kPa
1‘00 T ror Ty o revne 3 voeIng ot T
1 10 100 1000
Time: min
(a) Influence of confining stress
1-20
First loading
1-15
5}
[
G.s 1-10 A
)
G 1-05 Unloading
o) Reloading
1-00 A e LA AL a1 ma
1 10 100 1000
Time: min

(b) Influence of current loading direction

jﬂﬁ 2-7  WONIENUYBAUINA (creep) @D shear stiffness YBIAIDUNAY calcareous sand

(Jovicic and Coop, 1997)
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227  yHaveAu

1337UIIVUBY normalized shear modulus degradation curve maaﬁuduquﬂm"lu;ﬂﬁ 2-8
(Kokusho, 1987) N3 modulus degradation ¥94 gravel 9¢51UN1U04 sand 1ag clay miﬂﬁﬂzlﬂ’gﬂu
11'“10‘11‘)‘“13"6 confining pressure @nﬁuuaztﬂu'lﬂ'lﬁ'ﬁm w degradation curve ﬁ confining pressure g4

1901 INABGUBALAUTNLAAITNZUN 2-8 (Laird and Stokoe, 1993)

1.0

| ™G Clay, 100 kPa

™-..iSand, 50 kPa

Shear Modulus Ratio G/ G nax
o
o,

- i
EGravql, 50 ~ 830 kPa

\

0.0 i 1 >
10 103 102 1071 10°

Shear Strain y (%)

31]‘?1 2-8 Normalized shear modulus degradation curves Y93AUTHAA1IY (Kokusho, 1987)

2.2.8 Recent stress history (immediate stress path)

A1 small-strain stiffness YoaAUz1UA0u1a31AY resent stress history M3slasuinlasves
NANIYDA stress path n’%aszummﬁwQﬂagjﬁﬁmwmmﬁuﬁmﬁnzﬁwaﬂszﬂuadnmnda stiffness
MENAY

Atkinson, Richardson and Stallebrass (1990) finyfiedfumansznuvesmsnlasundasfionta
U3 stress path A9 stiffness Y04 overconsolidated soil AINAABIVIINY London Clay Tasmsnadou
drained constant effective mean stress ( p') (122 constant deviatoric stress (g’ ) uazz’fqﬁmﬁwﬂami’:ﬁu
Auriiadudae minaaeunamuaBININEnMANIRURM U T stress path fivnfi
anMAMUALBURUTATY HAMINARBILAAIT recent stress history UHANTZNUBHINNAD
WOANTTY stress-strain TUAIWHA HANTENUYBITRANIAVDA stress path AOAN stiffness degradation curve
Ruansluzilii 2-0 Fe92'8 stiffness degradation curves AimafuBaiNimsnaceukimunsznssii
stress path (g (9317 2-9(a)) Wailii{ea91nMI06 19U stress path history AN9fUNBUMIYNIROY
(40, BO, CO Waz DO) aswaANs U stiffer seifadiilofimm1auos stress path founay

(D0 x) @31 2-9(b))
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o - aes o d sy
Unn 2 NQEUAaNININENNGIVaN

Il
Y
3
o
@
g 100 2 400
S B Mean Pressurep’ (kPa)
8 -100+
(a)
A
40 r
. 30r
g (A-)0-X
2
= 20 |
=]
=
ko]
§ (C-)O X
g 10 |
O
=
)
O 1 i -
102 107! 100 10"
Deviator strain y (%)
(b)

gl.l?l 2-9  HWANITNUYDA recent stress history @D stiffness degradation; (a) stress paths (182 (b) stiffness

degradation Y83 OX stress path (Atkinson et al., 1990)

2.3 Anisotropy

u”immnﬁmﬁﬂinﬂms91ﬂﬂzﬂaumuIﬁ’usqTﬁ'uthqﬁ'uf’uaumﬂﬁmzﬁmﬁmmu anisotropic
HAZAUZUNGANS TV anisotropic ﬁaﬁwqﬁnsmﬁuﬁuﬁﬁmwm stress W30 strain N2
‘anﬂii U anisotropic 01U13 095110 1A inherent 11A¢ stress induced anﬂi 31 inherent anisotropy (@
VINHAYBINTTUIUM INLOUUALANHULYDIDYAINAY damn&umsmzmunm‘%uaﬁwmaqmﬂﬁu
3EMIMNS consolidation M3 stress process D792 11AA stress induced anisotropy Tuanuiluaia
ﬁuﬂzqnnszv‘iﬂﬂwimmﬂi:mumsw%’auqﬁw‘%eﬁuﬂﬁ initial anisotropy

mﬁﬁﬁ&lmTﬂﬂﬁ%'nmﬁmnsmﬂjﬁmmsmﬁﬂﬁumnmsgmﬁau‘lu mode ANIAY 910
MIAREIMNBRAAITIMMA UHs uf oudi S 1Ab compression mode anNsaiismnniiialay
extension mode B61911A ANMUUANAINTIHAATTIAAMATIRY (14 NAIN19V0 principal stress A
YUIAVDY intermediate principal stress) INAADWOANTTUVDIAY wennntimsnlasuulasiirmeves

" o . o @ o w Y A aaea ) [ v
major principal stress 1Juavudiany Tuuud Idunse TiRves Inseadeduunn duiunsesnuuy
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Taseadamadmnssinlgi (Fu 31usn, auyadn, Auau) szdesiasamIvIAtaz it aves
the principal stress axes “lmm?é"u'ﬁmmsﬁﬂumans ENVYDINTITNYUVD principal stress direction
HAZYUINYDY intermediate principal stress 'Ilquaﬂi 31 stress-strain, pore pressure, Q% strength
characteristics Y94 Bangkok Clay 510aziduaveanisnaassludellfiianisuazwamsnansslduaas
luunit s uaz 6

TumsfinumgAnssy anisotropic vesRusuTuinzResiins eailomsnanssitaunsaniugy
VUIAUASNAN VDY principal stresse Ygl‘lﬂ 3mia 1m1u’3€uﬁ1§m§mﬁa torsional shear hollow cylinder

(Wefinwn (@110 2.3.6)

23.1 Inherent anisotropy

WOAN3 31 inherent anisotropy U19INFITUFIANT anisotropic YOIAULBININNINATTLIUMIHY
OUATANYUZYDIOYNINAY Vaid et.al (1995) ANYINGANITU inherent anisotropic YD Syncrude sand
Tavmsnadou simple shear test (NGI type) 112 torsional shear hollow cylinder test #29819AUILIY
reconstituded QnIA3uY 1ABITAITULUAINADIT moist taming 11AZ water pluviation 11AZ/MID air
pluviation WaMsNARBIAALINGANsSUTUANAMuTiowTouAIet19dTE iAaiy 53 moist
tamping 1ANgRANS 517 soft 11az brittle figa 35 air pluviation HWaANs 51 brittle Tovas Tuvaizias

water pluviation 'lﬁ'wqﬁﬂs FUUY strain hardening AQLLE m“luz 1 2-10

0w = 200 kPa Q.
Fines content = 12 %

Pluviated
ﬂr:: 0.768

20

Shear Stress T, (kPa)
i

Molst Tomped
e = 0.767

] T T T
0 L) 10 18

Shgcr Straln 7, (%)

g 210 WavesTTMIAS uNAI801NAUABKANITNAADY undrained simple shear Y84 Syncrude

sand (Vaid et al., 1995)
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HANIENUYBA soil fabric @8 small-strain stiffness YBIAIDGNAULILY reconstituted Y89 London
Clay specimen lALial m‘lugﬂﬁ 2-11 FUcAaA1 small-strain stiffness luniemeaeg (G,,,G,, and
G,,) Muldanmanusuieaiu (Jovicic and Coop, 1998) HANINARBIUAAINTINTY confining
pressure et G,, wwnnnm G, ~G,, fafuaneed stiffness Tunnueunanily

v N
HUIATIBI9N soil fabric

Gmex(MPa)
\.
x

100
6. 4 - th
A Ghv
s - G,
100 2 4 6 84000
p'(kPa)

gﬂﬁ 2-11 wqﬁnssn stiffness anisotropy Y94 undisturbed London Clay muldanmanuduuuy

isotropic (Jovicic and Coop, 1998)

HANINARBAAIN clay noldanInanuAuLDY isotropic 3iim G,, 1AM G,,
U270t 50% FAUAAITINGANTIY inherent anisotropic Lf}mmﬂmiﬁﬂﬁmﬁ'wmwmﬂﬁumﬁm
(Pennington et al., 1997; Jovicic and Coop, 1998)

Jamiolkowski et al. (1995) ﬂjﬂﬂuﬂi‘lﬁ’mﬂm shear wave velocity '1uuumauviaumé’qmnwams

nasuluamunauaaslunisan 2-3
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uni 2 nguuasauIseningIve

[] b4
ﬂlﬂ\iﬁ 2-3  9AIIAIUVUDY shear wave velocity 1uumuaumummmnwamimau‘luﬂmu

(Jamiolkowski et al., 1995)

Site Soil type Vi !V, References
Montalto di Castro Silty sand and silty clay 1.00-1.10 Jamiolkowski and Lo
(Italy) strata Presti (1994)
S.Francisco-Oakland Sand and gravel 0.88-1.10 Mitchell et al. (1994)
Bay Bridge Toll Plaza
Alameda Bay Farm Sand with fines 0.85-1.04 Mitchell ez al. (1994)
Island (Dike)
Alameda Bay.Farm Sand and clay strata 0.86-1.16 Mitchell ez al. (1994)
Island (South Loop
Road)
Port of Richmond Sandy clay, silty clay, 0.93-1.12 Mitchell et al. (1994)
(Hall Avenue) and clay strata
Port of Richmond Sandy clayj, silty clay, 0.93-1.08 Mitchell et al. (1994)
(POR2) and clay strata
Port of Richmond Poorly graded sand 0.82-1.00 Mitchell et al. (1994)
(POO7)
Pence Ranch Idaho Silty sand and gravel to 0.85-1.03 Andrus (1994)
sandy gravel
Anderson Bar Idaho Sandy gravel from loose 0.85-1-15 Andrus (1994)
to medium dense
Larter Ranch Idaho | Silty sand to sandy gravel 0.85-1.20 Andrus (1994)
Gilroy No.2 Treasure Quaternary Alluvium 0.91-1.14 Fuhriman (1993)
Island Bay Mud 0.90-1.11
Site A Bolson fill 0.75-1.41 Stokoe et al. (1992)
Site B Fort Honkock 0.57-1.08 Nasir (1992)
(Texas)

2.3.2  Stress induced anisotropy

a . s < a 5 4 ! .
NOANI U stress induced anisotropy IUNGANTTY anisotropy tHBIRINMITIIROUNL QY04 soil

. da Y . .
fabric AAINTNINAIUIAULILL anisotropic
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Wong and Arthur (1985) Anynans znmquﬁnii U anisotropy Y84 dense Leighton Buzzard
y A A % . vy A ] %’ o 1 a = as
sand Tav 1413041l directional shear cell Moldns@ounuyliszinei deddugninsonlauis
pluviation Tag liifang@Ans 51 inherent anisotropy TuszuILHUIUBY (3119 2-12) STNMIIMISIROUM
' y y b 4
0, 92nnguil b= 0.4 ANYUZVOA stress path TTUTNMIROUT 2 YuaoY Tuduaou A Hu
ﬁaadnﬁngmﬁau'lﬂﬁm effective stress ratio (0 ’3/0' ’,) N mua (IAoiin1 major principal stress
@ g @ a A 5 o 1" a

direction = /) LAZN@I9IMIUN unload neu 11 0 /0 =1 Tuvuneu B Hua8619AUIZYN reload

; 4 ; 2 .
1Al major principal stress direction = I/, FaanA1991Nv0UADY A Tasimuald Ay=0° uay

[ y a .
70° (Aw=y -y, (9319 2-12) Tuvuneu A 92179 axial strain NOUMS unload

For sample subsequenlly
== 1SOtropic n plane of sirain

Alternalive
directions ol —]
deposition Subsequent plane

il |

For inherently V " %
anisolropic

sample

y {a)

y

Deposition
direction
fee
inherently
anisotropic
sample

/ s = |va - v
: = Stress path A
4 A precedes stress
Ya Ay path 8
— .
Ye 1

(<)

3N 2-12  M51B09UDIRIBE19AY, stress path, HATHEMYBINTIA anisotropy TUAISNATBY DSC

(Wong and Arthur, 1985)

< & '
Eﬂﬂ 2-13 UAAINANTNATDUYIUAAINANTENUUDI induced anisotropy AD stiffness LAY

. 1 o & (XY = “ ° H X2 g ' a . A
dilatancy EJUN‘]MN'HTQUQNﬂQﬂUﬂ’]'I)JlﬂiUﬂﬂﬂi%’ﬂﬂu‘uuﬂﬂu A Wﬂlﬂu‘ln\iﬂ'lilﬂﬂ anisotropy (Ud
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e Q' 3 s 1 = -~ = 3 . = ¢ o
YA pre-strain INNYUADENAUIANGANTIN contractant WWUNAY stiff 1iBwA NeANsINTTUGU
o b \ = 3 IS a
Taunmsvyuves principal stresses (AW=70°) v2v111%A106138U contract WINAULAZTINGANT TN stress-

; X 2 < 5 , foava 4 &
strain 1 ductileMNYU WANIINAADIAAITTAVVDINGANTTN anisotropy NV IHIRATUINTUADY A

8
7 F’O’ ©, see inset
.6
< 52
229 S~ ¢ = 00° -——
= J SRR SN 150 o
v 4 O
| Arthur & L4g®
« Assadl (l977\f\ &
5 S $46°
I 1L 44
5 é 3L 3 0 305 60 90
1 :d
. 0% 7
-1 7
_d
-9k
ES
B
- 4F
-
viy = 21°
-6 vy = 17° (anglc of dilation)
1l i

§Ilﬁ 2-13 anﬂi 3 stress-strain U84 dense sand ﬁﬁwqﬁmsu anisotropic (Wong and Arthur, 1985)

233 madszgnaliiaauifean anisotropy

a ..  a X g a Y a a P
AINYUYDINANIIVOA principal stress HURATWLIMUAATU TAsIad AN Tmnssulgh gl 2-
14 uaAudu contour ﬂlmmsﬁuwmﬁﬁma principal stress vaqﬁuauﬁqm%mu overconsolidated
2 a P ad . . . . a s 1 dq Y
clay®93n3512¥ 1A875 non-linear isotropic finite element (Yeats, 1983) WA AATIZHUAAINN A
v a ¥ a o 4 X . a 4
center line YBIAUAUNUAUILYNNIZI TAUMSINUAUYDA axial stress TUNIATITWAUNTIVRIAIA
a o 9 9y . 2 < 9 o 1 a
AUEQNNIAWAMUAUTUTAIN unloading Faenmsamiu ldnnmsuldsunasvessvengi
o a e 5 5 o a a o
A5ZYINULUIAIVOL major principal stress 910 0° )Tl 90° MpmanIsns Iz In ludedud Tag

o

a2 o d‘d g
Hight and Higgins (1994) W1¥ Jardine (1994) WaoAMIBLIRIvDT principal stress 1uq1uuﬂwumuu

y
a3 o A

o P da ? a 2 o
Aquaadlugii 215 Tasawyaniinduiignad1alu@u Thames Gravel (K, % 0.5) 119933719820
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unn2 ”qyﬂ“ﬁzq‘)u’l‘)ﬂ"lﬂﬂjﬂaq

o

Y a . g 3 ' - e
VUFUAUNUIVDY overconsolidated London Clay (K, & 2) HIVWWIINUNAIYDINITHYUVDN principal

1 1 (e} o] R" a =
stress BYITHIN 30~ LA 90 TuruAumie)

Gravel EXCAVATION AND
K,205 PROPPED WALL IN
LONDON CLAY

Jkondnn ca
K,=20

gt 214 1@ contour veafirMeves o, Iuusnmilndanuyaly gravel 11az London Clay

(Jardine, 1994)

P I e el o

after construction

1 Y - 1
qifi2-15  1#u contour ¥8aAMIAUB major principal stress lARUANUUTUAUIMITIDOUINMS

a o
AAIIZHN 1A non-linear numerical analysis (Yeats, 1983)
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Tumal§iamsimszdlameimassulgezauy@anauiingdnssu isotropic Tums
ﬁmsmmaﬂsxwuummsﬂwﬁﬁ Zdravkovic et al. (2001a) 1AfNYINAATENUYBINGANTTY
anisotropic ABNHANISUVBIAUAULUALMTIEY Tasyms TinTizd I ludledmudd ouuusiassiy
WU isotropic (Modified Cam-Clay) W0 anisotropic (MIT-E3) uamménamsﬁmamﬁ"lﬁ'ﬁqﬁﬂﬂ
nRvudivududoynann full-scale test vosruAufinaaoua AT 100110 La Rochelle ef al.

y ]
(1974) uag Tavenas et al. (1974) FUunINUazgUdaveRuAutLaalugi 2-16

A
. 30.5m
~ Bl R i L)
//47 :l R18
e {
P& :
A)‘b ir6 R9
'bc‘c'e < a)
A

o Settlement gauges
« tHorizontal markers

Cross-scction A-A

§1|ﬁ 2-16 (a) §1luu'ss U g (b) jﬂﬁ'ﬂﬂlﬂd Saint-alban test embankment (Zdravkovic et al., 2001a)

d‘ d' o a v v a 1 d' (3 . 9 U
§1J‘ﬂ 2-14 llﬁﬂQﬂ'lilﬂ’c‘lﬂtlﬂ’J‘lullu'ii'lljﬂm'l‘llﬂﬁﬂuﬂuIﬂtlﬂ'lﬂ'lilﬂﬁﬂuﬂif.]ﬂ.normahzed YN
4& o a 9 A0 a a oa d”d @ a d
mimaaum‘luumsmmnqﬂwﬂszmm'lﬂﬂau'nﬂuﬂuﬂz'mm ;ﬂuuuummamnmswmm
o {at ' 1 v a ia sada o ° a
UUUTIABIUVY anisotropic THNANANT AINNNFIVBIRUAUNNIAN I 1L TaouuuTianAuuLY
o a < o o o °
anisotropic llﬁ$Nﬁﬂ'li‘/lﬂﬁﬂﬂiﬂﬁll'lljﬂﬂﬂuﬁ 3.9 as ﬂ15')lﬂi1$1’lﬂ')tlﬂ5’(T'm‘.i‘ULl.‘U‘]Ji)’]ﬁEN
anisotropic 1‘%‘1?63;!‘?1 undrained shear strength 91AN1INATDY direct simple shear (DSS) 1A triaxial
5 . [ " a { | . 5 v W a d o
compression/extension AUA2B19AUN isotropically consolidated Tunmsndunumsiasizrauls
dmsuuuuTIaa isotropic 1‘1’{%’61‘;6 undrained triaxial compression strength UazANT 1:‘,14“[5’?1'1?1’3111@ 3
v a da wad P "1 a da Y a A
VIAUAUNIUAN 4.9 LUAT (113D 1 lﬂﬂiﬂiﬂ'l'lﬂmﬂ) mqwa'ﬂamiwﬁ”lﬂﬂmmmu”lﬂmmmmnms

tagui/asiem19uos major principal stress MUTTUILMI IR
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UNN 2 NQEHUASIINIVENNGIVDN

n

T T :
— MIT :
------MCC-TXC '
— — MCC - 1.25xDSS :

—

.
L B

o

(%)
N
N
3

Normalised horizontal displacement, u/u,,,

et
el
N S EI ET
LediS— —— N (=)
0 22| = *
0 05 1 15 2 25 3 35 4 45 5
Embankment height (m)

i 217 manfsuifisuanugavesAuAuininnnms I eI, (Zdravkovic et al., 2001a)

234  HeNvYeIA A MaL b

' 2 Tt a o ° o a ' g 1
11N1ﬂ‘ﬂﬂ\1ﬁ')'llﬂ5$ﬂﬂ1ﬁlﬂ@ stress vector *uuognu*nﬂmamﬁaﬂmmuuﬂua"nm ﬂU'Nuliﬂﬂ'lllﬂ’l
= d‘ |§ o _ a L g’
principal stress 1]3ﬁ‘nﬁ‘ﬂ'lQlla3‘Uu'lﬂﬂdﬂvllliluﬂUﬂﬁﬂ'Nilﬂﬂltﬂu5‘1004 muuamwmmmmtﬁu

a 9 [
AWITNDBUIUAY stress tensor AIAUNTT (2-5)

2 zy zx
T, = Ty O iy 2.5)
sz T):y O-x

a o o ¥ @ a

vamsnsesnanmaugadeld 7 -7, 7 =7 uaz 7,=-7, dniudsdesmsaunlidase s
o 4 a 3 a da & yv @ a
AueliamwANuRLABIAUAAUNIG YenllfiruNTadiannsainuan ARy

b4 v

A ITMUAYLIAUAL TIFAN19vDY principal stress Ay 11AZ1N 2-18 HEAAAIUYD principal stress
2
new (@, Buaz )

o 0 O
T=|0 o, 0 (2.6)
0 0 o
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B/

oy

)

(a) Independent stress components (b) Major principal stresses

v [] y
g 213 danlszreuvesnriduiinssyhuuedmunau (a) dauilsznouismun (b) major

principal stress

Q“ a g‘ o a = 3 _ '
Tuanmim lumadmnssudgiiumsivanvesauszinavulunamanss Tdualsveslan
v ¥ 2 Y11 0 o...¥ . a s
muummﬂmsm‘"lmwmqu o= ﬂ= ¥Y=0" @131 normally consolidated clay 9¢Uf vertical stress
[ Y ° @ .
1IN horizontal stress ANUW O =0, o 0,=0,=0, <O, Tumaassddmsy heavily-

. g = ; ;
overconsolidated clay 9211 0,>0, 0,=0=0, 0y 0=0;, TuMsa5U10YUIAYDY intermediate
principal stress 92 19@115 intermediate principal stress parameter (5 ) A3aUN13 (2-7) (Bishop, 1966)

’ ’
=95=0

b @7

0| —03
A a Yy v o v & Y1 O o o
luaaﬁu'lﬂﬁﬂ'lWﬂ'nulﬂuﬂ'JUﬂ'JlHJﬂ"ﬁ‘]U“zvlﬂT]ﬂ'l b=0ag =0 a1l normally-

consolidated clay a1 b=1 uag &=90° dM3U over-consolidated clay HMIVANTNAMUIRULLIY

plane strain 2N 5=0.3-0.5

235  WaNISANYINGNIZNUV OL UaZ b ABWGANT THUBIAY
av dyyaa o ' - a X "o

VINHANIUITYN IAANUNIEAQIT shear strength 1A stiffness YDIAUVUBYALVUIAYDA
: o 2 o " a v L b
intermediate principal stress (maﬁmuﬁ"wmmli b) UAZYUIBDYIN VLU IAIYD major principal stress

é = L = 1 = o d'
@wivwdwaunls @ lulaswedamadmnssnlgidnanndussgnnssidisanmaiusun
] 9y

Fudoulaoh a0 uay 670 uaz #1 anmanuduuuuil iannsosaesdlasmsnaeulu
woalfiiansnaly

=l = Aﬂ‘ % a . a a 1 9 A A 1 ]

UMIANYININNUINGINUNGANT TN anisotropy VBIAUFHAA1AY TauTHiATelBmY 13U

s _ - ; ' g 4 a2
triaxial, simple shear, directional shear cell, true triaxial, 118 plane strain ag19 lsnAunIeslomariill
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unn?2 nqyguazﬂunamnmﬁ'm

Jofiranuanaiu UM ANYINGANI Y anisotropy YBIAY A3 BailodMINTides ARy
muRuirmMataznnavesaandu 1dec1eBaszinzifuaty stress/strain non-uniformity Wioaaw
msszneh swazBoaveaiadeiignanetiasBeaiulniate 237
TuadeiisznandsnuisuRuImumaanssy anisotropic ¥osau TasntuaniisuRafuanm
Tisznnhuazszinnhwesdienduiignssyh lasanmanusuiGRam e e major

principal stress axis (QY) 1AZUYUIAAIN VY] intermediate principal stress (b)

2351 WanITNUVRY O
) EMmwWIzen

Symes (1983) 18¥M15ANY WAV initial anisotropy 1AUNINATOY torsional shear ALIAIBNS
AU medium-loose Ham River sand (HRS) c?ﬁm‘%unﬁ"m?% water pluviation melanms ﬁ‘iauuuunmmf1
ﬁ"lﬂdwaui)‘ﬂ isotropically consolidated vlﬂﬁﬂ'”i mean effective stress (p 4 M1 200 kPa tagdl back
pressure (A 400 kPa tiNe 1#1AA saturation Bt19amysel AI0d19AUITgRIiBURILM Az bA1eY
(oANYINANTENLYBINGANTTY anisotropy MeldanzszINh fanududeuszitudusts
monotonic MNTENIIVALLY stress-controlled Tuuaiziien p=600 kPa uazf1 b Trtasi yuidsaves
major principal stress ApUAUATIzAvUI AT 0° 1Bz 90°

gﬂ‘ﬁ 2-19 WADAR stress ratio (O'/,/((3) 11 octahedral shear strain (€oct) 91AN1SNATDY HCA

Niif b=0.5 uazA1 AL 8gszn 19 0° waz 90° A Eoct How lay

£,y = —j—EJ(g‘ -5 ) +(e,-&) +(5,—¢) wamnaasauTaIim stiffness YoIAUITAAD

4 a X a . . 4 X 4 2 X . - 3
oA o iy NOANTIY volumetric compression WINVAUEID O IRNAY A1 ultimate stress ratio 92
AANIBY1NINORANIIUDY major principal stress MU Tl INIUIAL 317 2-20 uamsmsdounila

s 2 . = : : ’ gy
¥4 drained strength F1dA3 IAYA friction angle N1 maximum stress ratio (¢ peak) Taguaaana ¢ peak
1 4 o e = o o o o 1
wanasetianndie o vyuain 0° Thili 90° wennniinwr WuuuiRernunwudmiuam b =o,

1 = 3 4
0.14 waz 1 Dl wanszmaNNgAINAIUILND b=0.5
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a=0" |
a=225"
a=45’
a=675"
a=90°

« @2 X o »

il 1

1
[ 2 4 6 8 10 12

Octahearct shear strain |, €,00 (%)

gﬂﬁ 2-19 f11 stress ratio 1L octahedral shear strain 91NA1SNATOL HCA NU isotropically

consolidated medium-loose HRS mﬂ’lﬁ'msaﬁammm:mmhﬁ b=0.5 (Symes, 1983)

60

55 q* ....... RN - WL S S e A ;

30. ..................................................................
rRd WL T D VNN
20

0 10 20 30 40 50 60 70 80 90
a()

§1Jﬁ 220 M d)'pcak nm peak stress ratio 91NN1INATDU HCA A isotropically consolidated HRS

¥ A
Muldnsifeunuy sz 5=0.5 (Symes, 1983)

Wong and Arthur (1985) MNIIROUAIDINAUUNIVDI dense Leighton Buzzard sand Taols
directional shear cell (DSC) 71 b NAaN (b=0.4) uazmuqnﬁﬂmwm major principal stress AUNAM

y 1]
voamsiuay 0=0°,70° uaz 90° Meiraummignassuaoms Issauasluuuuiesnuur
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d a 4 a ° v a @ o a
Wumeyie ldviemvesmsifowiyuiuiimmvesmsiven ldaudesnsawaalugili 2-12

3 strain-strain 9INNIINATOV 3 AIDHIINUNTIAIVOY bedding plane A199) (0= 0°, 70° 1AL 90°)

4 1 o W w g é . -
Thuaasluguii 2-13 mddefuus afeunuuszinoi¥uaaidio maximum stress ratio (0 /0°) 92

] y
wlaou luang d senInafiem19ues major principal stress (07 7) 4agRARIAINAY bedding plane i1

4 1 Q’ 3 1 .Q . 4 1 H
stiffness 92AANAIBAIYY O WU AN friction angle NIV () anaufiow 5° Werny J niaou

910 0° 11 0=70~90° HaMINARBIIATINUNANINANDIVBA Symes (1983)

Oda et al. (1978) 11N13NAADINY Toyoura Sand 111A3894® plane strain MoldmaRounuy

H o a '
VWU NMINAADINTAIVAUYNYDI major principal stress AUIUIAY 558"113 0° wag 90° (Iﬂﬂl‘m

Y
o lumsmanesiinSouiivuiuyy o lunisfnyiues Symes (1983) uaz Wong and Arthur (1985) iy

y [
Adil a=9o-é') GT’JEJUN&ﬂQﬂ isotropically consolidated 11# mean pressures (N11A1Y 50, 100, 200 Lo

400 kPa taziou Tasmsiuanudulunuineaudin luvazintugua o, Idasiinazatuguem

0, IMA106190NgAN5 51 plane strain (5~0.2~0.3)

a . g . . .. ;
NWHANTIU stress-strain IINNTIWADAVDY deviator stress (O ,,-0' ’3) 10 major principal strain (€ ,)

° o { a 2 o ' a .
dmiumsReun 0 =200 kPa lauanalugiii 2-21 FwanslfiiuimgAnssy stress-strain 92 softer

4 1 & X ' $ 4 '
(iloA1 O anAs (A1 QL IWAL) M1 stress ratio 71 peak deviator stress ¥zaAailen1 d anadlaslianioy

) Y )
qauiie 0=24° uBNINTIAT volumetric strains (¥ Tug1l) viingAnssy dilatant osnatiiom J anaq

9y a o & a . o 9y P o v A
uuﬂummummnuu'ﬂqumﬂssn stress-strain fﬁlzulﬂﬂ'lﬂﬂ'li"ﬂﬂﬁﬂ\ﬁli%ﬂ‘l]ﬂ'ﬂﬂlﬂuEJ'LI"]

N\

 Plane strain test /
(0, =20 kg/em?) /' S

h /

10—

< 0y=0; (kg/em?)

S
N
Y N\

k'Y

.

/

7

§ﬂﬁ 2-21 wqaﬂi JU stress-strain 1INANIINANDY plane strain YD isotropically consolidated dense

Toyoura sand (Oda et al., 1978)
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317 2-22 uamenslAounlasveanm @’ . fuyn o ¥0IMINANDIIZAUAIMIAU 50 1Az 200
kPa mdsluanmszinnhziuiudle & MuduTasisnlovgadt & sz 150 uag 30°
wasangaves @, sz 6°-7° HaMsNAReaTNANA1I9INTis 191 TAY Symes (1983) Az
Wong and Arthur (1985) athq"lsﬁmué"?ﬁ'uﬁ'uqﬁmmimam drained plane stain, true triaxial, e
torsional shear N1 Toyoura sand ﬁ'lﬂy‘wqaﬂi 3 stress-strain (10 strength ﬂﬁlwfﬁn"ili 16971U a0 Oda et al.

(1978) (Tatsuoka et al.,1986; Lam and Tatsuoka, 1988a; Miura et al.,1986)

50

§1Jﬁ 2-22 anﬂﬁ U anisotropy Y94 mobilised d)' fl peak 91NNITNANDY plane strain A isotropically

consolidated dense Toyoura sand (*ﬁ'aylmm Oda et al., 1978) (Iag# O =90-O)

d a4 v 9 o 2 1 a P / I X o a a ' a 4
nJumﬁmnmmmm‘anmim anisotropy U8 ¢ UHUHTUNUFUAYDIAUBYNUIN AULUA

a Y A A 74 A 4 X da 4 = ~ P
“U‘]U““ujiuﬂﬂﬂzuﬂ’] ¢ nafadyDnN alwu'uuﬂlu‘llﬂwﬂﬂuumazlﬂvﬂmﬂi)::llﬂﬁﬁﬂﬁdt‘ﬂdﬂ

4 X
lﬁﬂﬁaun?atwwu (Menkiti, 1995; Porovic, 1995; Hight et al., 1997)

i) anmbiszinemi

Shibuya (1985) finy quaﬂi JUU0N undrained shear strength Y94 water pluviated loose Ham River
sand (HRS) ﬁﬁﬂ'mu 04 Gi”ld“ﬂﬂﬂf‘ni NAADY hollow cylinder GT’JBU'Nauileﬂ isotropically consolidated
11]‘71?1'1 effective mean stress p =200 kPa UaZIAOUILY stress-controlled Iﬂﬂﬂ’mf]niﬁﬁ] total mean

stress, p UAAININIAY 600 kPa NISNARBINTZYIINAT QL UaL b A199
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1 2-23 uarmsmn s uou (o lay g=(G'-G',)/2) M octahedral shear strain (Y,.) Nu1d
M3RBUNLA1 5=0 UazliA1 O 3TN 0° AT 90° WOANTIN stress-strain 3¢ softer A ductile DA
a 3 a yu @ a @ o
o NTu noAnssulidiausoduna’ldein effective stress path uanalugiii 2-24 uazszdanamu
' . a v - A o a 5 . s
219A phase transformation 'nzmmnmnsamu'lﬂujaumanu'um‘nﬁmwm major principal stress
msilasuu1/asued undrained shear strength, s, (ﬁmuiﬁe maximum shear stress mobilized JuvoUIVA
o 9/ o ' y 5 ' .
contractant) fue & lauaaslugiiinuesgil 2-24 a1 s, 1dgn normalized TABA1 mean effective stress
ABUMIIRABY (p /=200 kPa) i1 undrained strength aARIBENMINEIBA A 1nldsusin 0° Tig 60° A s,
4 2 VA a v A a o 2 4
uvudszana 2.3 midle ar=0° ounuiiie a=90° w2 TvuAsnuiinuiie 5=0.5 uag 1.0
Y
HANTENUIUUIREINUIABNGANT TN undrained YDA pluviated loose Ham River sand (HRS) ‘lafinn
a19n119v191AunT 99310 hollow cylinder (niu Symes, 1983; Symes et al., 1984; Shibuya, 1985;

Shibuya et al., 2002a)

100

T
P:peak
"7 .
/’ R:residual
80 R
—0——00" | T
s °
" “\\84/ o
Q > —/
R /’
KPe 10
soifs ——
P \
R
F. W13 M2
20
i
[ 2 a ) 8 10 12
Yut %

31]ﬁ 2-23 ‘anﬂi 31 stress-strain VINN1INATOU HCA Y01 isotropically consolidated medium-loose

HRS #1 =0 11aziin1 OL A1) (Shibuya, 1985)
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§‘l]ﬁ 2-24 Effective stress path 310N13NANBI HCA ¥4 isotropically consolidated HRS 1 b=0 uazil

a1 Qo ﬂ'N"] (Shibuya, 1985) (gﬂlﬁﬂuﬁ A3 normalized undrained shear strength)

Shibuya and Hight (1996) t1a2 Shibuya et al. (2002b) LHEAINITNAADULUUIAGINUAY loose HRS
uanulRan I K -consolidation (K=0.5) MaetadwsziasnlauTsiuatuinsnanesdomsosiie
AoatufuR19Tau Symes (1983) oz Shibuya (1985) A70619AUIZQN consolidated 11/l mean
effective stress W11 200 kPa uAMSNARBUTH 19 b=03 Winiusznemsdounuylisznonhiaa
miniinganssulndfuann plane strain WANTIN stress-strain LAY strength fnuninmsnaaoad
mﬁauﬁuﬁwu“luﬁmdmmu isotropically consolidated wqﬁnssnﬁ softer (LAY weaker ﬂzlﬁﬂ‘{imﬁﬂf{‘l
atﬁuﬁu uanmnﬁvnﬁu'lﬁ'%’mmgﬂﬁ 2-25 M anisotropic consolidation ﬂzrﬁ'uwaﬂi:wuda
undrained strength anisotropy i1, i a=0° i 3.8 i a=90° gilﬁ 2-25 uaaamsitloy
Woumsnlasundasuesd s/ AU OL dMSUMINATBLIY isotropically consolidated Tif oAy

A1 5=0.5 (Shibuya, 1985) 1tag K;-consolidated ones (ﬁ"wfh 5=0.3)
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0.7 +—— ——

Sulp'e

0 10 20 30 40 50 60 70 80 90
a()
j‘ljﬁ 2-25 anﬂiin anisotropy Y®4 undrained shear strength 91NAINAADY isotropically (A K-
consolidated HRS sand 1a8n15naa01 HCA (i’fay,amﬂ Shibuya (1985) 1tag Shibuya and

Hight (1996))

WOANI TN anisotropy ¥O4AU IATIN1SANYI061911NT Imperial College A13197 2-4 AT IoY
[ y ]
AN Imperial College N reconstituted clay g silt ﬁwmmﬁﬁﬂyﬂﬂuﬁiﬂ?mﬁa hollow cylinder

apparatus (HCA) Nlf ¢ 10 b @199 319 2-26 1XAIN15AAAIYBIA undrained shear strength

@ ' . . . q 4 X
3970 normalized A effective consolidation pressure (s,/p %) 1BA1 OL IANYUIINAITNARDA K,

normally consolidated 1 reconstituted soil
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Imperial College London

N13NANDI HCA N1 reconstituted KO recompression clay iQ¥ silt nAutiunITN

Soils Author CF pg K b-ratios  Inclinations at shear
(Year) [%] [kPa] considered a[°]
HK Menkiti (1995) 7 400 049 0,0.5,1 0, 22.5, 45, 90
KSS Menkiti (1995) 44 300 0.585 0,05,1 0, 22.5, 45, 90
HPF4 Zdravkovic (1996) 0 200 05 0,03,051 015,30,45,60,9
HK15 Rolo (2003) 15 200 05 0,03,05,1 0, 45, 90
Notes:

HK = a mixture of kaolin and sand (Ham River Sand)
KSS = a mixture of kaolin, sand and silt
HPF4 = non-plastic quart-based silt

HK 15 = a mixture of kaolin and HPF4 silt

Zdravkovic (1996) also performed series inclined-consolidation tests, which are not reported here.

CF: Clay fraction

p ’0: Mean effective pressure at the end of anisotropic KO consolidation

o7

® KSS (peak), p¢, = 400 kPa
06 A HK {paak), p} = 300 kPa
® HRS (psak). p, =200 kPa
o8 8 HPFR4(PT). pf, = 200 kPa
O4
,c: P+
>3
N -
o2k 0 T T
o1 p
0 1 1 ] 1 1 1 )
[} 10 20 3 4 50 60 70 80
«; degrees

i 226

wqaﬂii U anisotropy Y94 undrained shear strength 1b5=0.5 ¥94 normallyK -consolidated

soil (OCR=1) mngmq’l’aqm}m Imperial College (Jardine et al., 1997) fi1.S, 41910 peak

shear stress 110 phase transformation point (PT) §M3UA0613 HPF4

Nakata et al. (1998) 11N15NAA D4 hollow cylinder (200 mm height, 100 mm OD #a% 60 mm ID)

' A i y ¥ a A i
tveAny g AnssuuuyTiszu1e119es Toyoura sand 1HeTiA5 N UYBIRA major principal stress

A20819A3011A87D air pluviation a2 1915 vibration 1N 1¥'1AA1 relative density A199) (Dr=30% to

- 90%) GT’J'E)thQﬂ saturated 1A8N13 flush 420 CO, Ung de-aired water

#29019QN isotropically
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consolidated 11/ p 2100 kPa mstfiounszviinie1dn1sAIugUYDI torsional strain Tavndugu e
b=0.5, A1 total mean stress p=300 kPa, uazﬁqw’éuwmﬁﬁ major principal stress A9 @y

317 2-27 A effective stress path UAE stress-strain curve YBINTNARDIAING1Y TAOWLTN
00T softer (RaiTINGANT Y stress-strain T small strain 92 lsi5A19%) 1Az weaker oM
QyAUTY HANTZNUYBIM void ratio (relative density) ApWRANIsuYBIAUNIL IdDd19TAIRY
F00 19N MUMUNLINANT (relative density 11ANT) YZUAAINGANTTY dilatant TuynyuBsIves

#i#f major principal stress M3 UAIBETNANUMUNILIUTBOIZTINGANT TN collapsible UAZ brittle 111D

NAYDY major principal stress ﬂuueaﬂmnumﬁa

q (kP3)

Toyoua sand({Dr=8C%)
p=0kPa, b=05 )
3 4 5 3
T (%) b

Toyoura sand(Dr=60%)
pa¥0kPa, b=05  (d)]-

0 Elz 3 & 5 6
T (%)

Tovoua sandDra30%)
p=100kPa, b=05

o ans

q (kPa)

q (kPa)

T (%)

§1Jﬁ 2-27  WANTENUYDINANTYUDY principal stress Ao isotropically consolidated Toyoura sand
(Nakata et al., 1998)

317 2-28 1AAIAT maximum undrained shear strength i Oy SMTUAIBEWAUNT D=30% 9%

1A ' ] &L A a o
NUNUNTTAAAIVIAT 5, ATINUANDA aatﬂauuuﬂawm 15 (2 75
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2 025 - e s
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o ()

z‘dﬁ 2-28 wqaﬂi U anisotropy Y94 normalized undrained shear strength U84 isotropically

consolidated Toyoura sand (*ﬁ'ay,amn Nakata et al., 1998)

2.3.52 WANIINUVBA b
) ammszueh

Sr03uouda 2t 1.1 11 Symes (1983) Idvhmsnaasauuszoiy isotropically
consolidated medium-loose HRS (OCR=1) Tauinsosiie hollow cylinder msﬁnmﬁqwamzwmamu
(Buaupafiet major principal stress LAZYUIAVDN intermediate principal stress (1tAAI 1AGAAIS b) 11U
AMINDINAY MINARBA hollow cylinder Y1111 b =0, 0.14, 0.5, Uag 1.0 vauzfian o azfmua’ls
STNIN 0° 1Az 90°

57 stress ratio 1A octahedral shear strain 1IAMIMARBITMTUAT 0=45° 1Ruaaslugalii 2-2¢
MINATOUTIIA b=0.14 AE 0.5 Tif1 strain TAVAY BUTiqALAZIIAN initial stiffness (A stress ratio 110

vy
v A

figa MInAToY 2 SuildaIaAs volumetric strain NINATBLNGA FUN 2-30 LA angles of shearing

4 awad L = d @ 4 '
resistance (@) Ny TiAsmans M @’ sxifdouulaudnmivsiumsiasuinlasvesai intermediate
» ” 1 o w d' = :3 4 o s ~ ]
principal stress MMadNAfigaziiatuiiormsoulndaniw plane strain (5¥0.3~0.5) 1

stiffness 1102 strength vzliANfougAIllBA 5=0.1
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Octanedral shear strain , Eoct (%)

3‘llﬁ 2-29  WANITNUVDIA b ?ii’)‘wqaﬂi 51 stress-strain Y99 isotropically consolidated medium-loose

HRS (OCR=1) (Symes, 1983)

42
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e
18 »
3¢ L 1

() 02 04 as 58 . o

§1Jﬁ 2-30  HWANTENUYDIAT b ADAT ultimate ¢' V09 isotropically consolidated medium-loose HRS
(OCR=1) (Symes, 1983)

Saydo and Vaid (1996) ‘ﬁm]iﬁﬂ‘m medium-loose Ottawa sand TﬂU‘l‘I’f'Lﬂ%mﬁﬂ hollow cylinder
Avt1eAuNIRI o 1AYTD water pluviation 3¢9 isotropically consolidated 11 effective mean stress

Y 1 a o g o .
=300 kPa ndanniumetnesgriieusuianeldanzszinnihlasimuam 5=0,03,05,




- a aov dd y
UNN 2 NQEHUASIIUIVGNINGIVDN

uaz 0.8 luvmzimruam Ay 45° 31N 2-31 LAAINGANITTU shear 1AE volumetric YOINT
1 a d' 4 a X 4 2 o e @
nARDUMANE WOANTIA stiff Ngavziiadiuile b=0.3 Fuiluanmlndfiuanin plane strain
a H Py a 4 - 3 4 ' . >
NOANISUN soft NYALAZINA volumetric strain mnﬁqmzmmmﬂa b=0 91 ultimate stress ratio 9
:i ] d' d' 9 o dy g Y d'
nldsunlasetanaiiie 5<0.3 uaznlasunlanternandnnil vamsnaaeslaseiunswulay

' 1 o q4
Symes (1983) 1 stress ratio seidounaufivaamisoiion b uaz oL 1n

D,=34%; Om=300kPa; a,=45"

268 {gb=0.0
ab=0.3

co 224

o]

- 1.8

o]

a

< 14

1.0 P e = £ .
0.0 04 0.8 12 1.6 2.0
Y (%)

v Y Y

00 02 0.'4 08
€y (%)

jllﬁ 2-31  WANTENUYDIA b ﬁﬂwqaﬂi U stress-strain U9 Syncrude sand (Say&o and Vaid, 1996)

jll‘?i 2-32 uﬁm‘\’faga drained strength ﬁﬁﬂyﬂﬂuﬁ%nawﬂu (Ochiai and Lade, 1983; Lade and
Duncan, 1973; Lam and Tatsuoka, 1988b) ﬁﬂﬂﬁmfﬁjau isotropically consolidated (OCR=1) ’a Q‘?i’c’hﬂwﬂlu
finufien drained strength suiuAuion b uasuien 0.6 uaziidnsiivieanaudnfoondann
T mﬂmsﬁnmma'1ﬁtj"auamadm?mu'imqﬁnisu anisotropy 93 0AANIBTANIVE major

principal stress #ayu 11/91A39AY bedding plane
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60
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——— A
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88 bovocifoodtfinemsissorabonmbmssgsiasassbencadbrnnitio o

¢ (deg)

- iy G A% el WEVEE

[

/ ¢ Lade & Duncan (1973) - dense Monterey No. 0 sand, Dr=98%, CP=60 kPa
& Ochiai & Lade (1982) - dense Cambria sand. Dr=93%, CP=100 kPa
)/5/ X Symes (1983) - dense HRS, Dr=85%. p*=200 kPa
s

-

® Lam & Tatsuoka (1988b) - dense Toyoura sand, Dr=80%. CP=100 kPa

3 2-32  wansTNUYBIAT b AOWGANS TN anisotropy YDA peak ' (USU1/3911910 Zdravkovic

(1996))

; 2
ii) anwldszuei

INAMIANYIVDA Shibuya (1985), Shibuya and Hight (1987), tta Shibuya et al. (2002a (1a%

4 @ [ [ a ] %‘
2002b) Aan Tataas 1udrluiade 1.2 uaasnansenuvesn b aengAnssuuuy lissunnihves
medium-loose isotropically consolidated HRS Tasmsnaaou hollow cylinder Tagyhmsfinyiia b=0,
0.5 uae 1 uazilaouudasm @ 52v9 0° 1az 90° N5 stress-strain 1AL effective stress path 91AA1S
4 { 4 X ' A

nagouiiio a=30° lauaaluzili 2-33 wansznuYBINISINLAUYDIA intermediate principal stress 3]
) o a1 P 2 Y a . 2 4 . A
UBYNINTINIVAT b IUDN 0.5 DIUNNISUTAINEANTIU compressible WINVYUN large strain IUOAT1 b

2 a4 a ' 3 4 ; 1
mﬂw%squmssmmu"lm:muum soft, weak, 4101 brittle ¥1NYU
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(a) WOANTTU stress-strain LU TSzt

g T AN W < A — A R K
: : : : R R
: : ? . —=—b=05
200 {-reneeee — S —— .. i
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120 ---‘- ........... -- ........... IR
80 {

40 4

a 40 80 120 160 200 240
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(b) effective stress path (0 undrained strength anisotropy

HANSENUYDIA b ADWOANITUVDN isotropically consolidated HRS (OCR=1) (Y3291
Shibuya (1985))
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wqﬁnsimméﬁuedﬁudwm afuaaslugiliinluguii 2-33w) 1 undrained strength, s, gn
normalized 1A0A1 effective stress NOUMIIADY (p ’,,=200 kPa) dmsum & ﬁﬁ'ﬂUﬂ’J‘] 45° 92 laidli
NHANIIY undrained strength anisotropy e b<0.5 ethalsAnumsn/aouulasves s, 09 40% 92
Aatudie b 1ni naaIn Q=450 waves b wxiinndulagi s, AR 15 idlenh b ity
vnodui

WaN1SNATEUYINUBAAINU 1A31097U 1A Yoshimine ef al. (1998) AL loose Toyoura sand
A28019AUAMSUN1INATDA hollow cylinder (#3603 1AYTT air-pluviation UAZ vibration AIBLENAUYN
isotropically consolidated 1ﬂﬁﬁ1 mean effective stress p 100 kPa uazqmﬁaumuﬁ'amw'hjs 311101?1
fif1ve4 intermediate principal stress @199 IAUAIUANAT CE=45° Uag p T¥naii

A3 stress-strain 1182 effective stress path dmiudeteaufidoud 5=0,0.25,0.5,0.75, uaz 1
Buanslugui 2-34 Taowuiunn Ty Taoia lumifeusuitldesureluda ied b iuduezyinld
WANTTUAY weak AT compressible 1NAY ot lsfiaumansgnuiisziimndle b Sintooderiion
fUves HRS msifdouiiaauess normalized undrained strength 1auaaalugalii 2-35 Taw
nRsuifoududoyaues HRS fifh a=45° mioudu MngUiaAIIHANTENUYBIAN intermediate
principal stress dannnndmiu Ts dfoudy HRS sowesfidmivm a fiauled i1 undrained

[ 4 1 4 o 2 J
strength Y949 TS aAad 1.8 uilen1 b 1/aousin 0 W 1 Famasuinna1vee HRS Yseum 28%

200 T

T T —————

Toyoura sand, D,=31-34%, a=45° ™

a,- o, (kPa)
o
o
—~~
o

Py

o

o
T

Shear stress, q
wn
o

0 5 10 15 20 25
Shear strain, 7= €,~ €, (%)

200 T T

—T T ~

Toyoura sand, D,;=31-34%, a=45°
150} (b)

100}

50} ox1o

Shear stress, q = a, ~ o, (kPa)

0 20 40 60 80 100 120
Effective mean principal stress, p' (kPa)

H 1 a v g . . .
j‘ljﬁ 2-34  HWANITNUVDN b ADNANT suny liszuenves isotropically consolidated Toyoura sand

(Yoshimine et al, 1998)
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06

: oura Sand N :
0A45------7-----e-qy---:~ ----- s e s e

PR S U [ S S ST SO LT R

PP SRR PR AP pS (R B D P T e

s o T S

0 01 02 03 04 05 06 07 08 09 1
b

§‘l]ﬁ 2-35 WANITNUYDIA b AD undrained strength U84 isotropically consolidated sand NRoun

0t=45° (4o3a91M Yoshimine et al. (1998) 1Az Shibuya (1985))

236  ANMNINTANYDIUAIBIND torsional shear hollow cylinder INBANHINGAN3 TN anisotropy
YBIAY
= a a 9 Y a wa é 9t % A &
asfnymgAnssuvesan lanunnegldmsnanssludeslfiianmsa lainswannsede
amememinsalfisauuagsudecduld msnumuidenuinunsesiionsnaassly
ﬁ’mﬂﬁﬁaﬂ‘li"lﬁlﬂﬁnvl’ﬁﬂﬂ Saada and Townsend (1981), Arthur (1988), Tatsuoka (1988), ttaZ Menkiti
(1995)
a . a 2 9 A A Y a aa a
Tun1sAnBINGANTIY anisotropy YBIAUNUABIMIIATBINBNARBY IU B AMsHaINID
y Y
AUANNIVUIAUATTIAN1IDA principal stress 5zMINMsiou’ld wennniididesdsonlugums
Iy d qu o ¥ v H ! H
sznod ldme Ieansanmsnaassianwldanmszuoiuaz hissuni
& - % . [~ A A dAa av a =
IAT0940 torsional shear hollow cylinder nA I uATBINBNUBN TUINATENIAINTTUUTH
vy
mszansenugue 1ANIUUIALAZ AN I9YBY major principal stress 1AYNIAIVANA axial load,
torque, (DY outer LAY inner pressure uazﬂ"qmmmmuﬂuuazi"ﬂﬂ'”l back pressure HAZAUIOVIINT
¥ ¥ 1 g o 5 d' .3 ' o
nanodIdnaluanmszimiuas hisznoh dniudsnmsaiuguanusuiiveuwadnaegh
auns nmuauﬁﬂmwm major principal stress LIQEYUIAUDY intermediate principal stress
19304310 triaxial 9214 Taon2 T ludesl§iidns Tavszauisasaesanmanuduiia ld

a A . . 2 a ' O 9 o U
WYY 2 LLUUAD compression LAY extension ¥992IMsnse laavent 910 0° 11 90° uazA1 b 910 0




- - Aav dd v
UNN 2 NQEHHASIIUIVYNNG IV

s

1 fadtha b %zmu1mﬂmﬂu1um‘§mﬁa plane strain LA true triaxial uAns adlomaniingad
dosralumsniugue & n3eaile directional shear cell fudnindesiiofiannsofnymganssy
anisotropy A3D110 1N AR plane strain tazansa iU wmenInuazIs ud oud
Autvesiied1sggaudn ﬁatf’u‘ﬁammmmuanﬁauﬂi 31 (0, O, uaz @) @uilsznou
v IuAUTIRANY 1 directional shear cell Idameluzulil 2:36 vorelsfmuigenadidamiy
wﬁaqﬁaﬁﬁanonunﬁbnnnyﬁvenmaaﬁda&Nua:1ﬂanrﬁn1ﬁﬁwﬂanuﬁﬁ1uudazﬁﬁn1aﬁd1ﬂ¥u

v 4 " P by 4 A a
U1ﬂ1ﬂlu8~1%1ﬂﬂﬂgﬁ1 side membrane g'ﬂ‘ﬂ 2-37 yaasamnusannunu lunsoalionisnaasariia

1
AN
T, 7 io oy
gl :
L X
: il ‘4d—'q:r"'> \“! é... ----- -:);
[EARYIN A oo a
7 03 Trz Y 4 il a3
s \J
vy ooz 5 [ &
: s - = 27y
Plane strain condition ¢, = € = 0 tan 2a =
7 G, — 0y
(a) (b)

§‘llﬁ 2-36 Directional shear cell (a) aulsznauvsInNuAY (b) Principal stresses HAZNANI

Intermediate principal stress ratio, b

02} 4
(Po < PI)
oOkKTC 4
1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90
Legends: Principal stress rotation angle, o [deg]

TC, TE: Triaxial compression (0. = 0°,5 = 0) and extension (&t =90°,b =1)
PSC, PSE: Plane strain compression and extension (under condition of €, = 0)

TTC, TTE: true triaxial compression and extension (Range 0 < b <1; ot =0 0r 90°)
DSC: Directional shear cell (0° < o < 90° under condition of g,=0)

HCA: Hollow cylinder apparatus at all possible regions ( p »» D; are outer and inner cell pressure)

= v A4 A a
31'" 2-37 ﬁﬂ‘]ﬂﬂﬂQﬂ'nulﬂu'lum560U3ﬂ1iﬂﬂaﬂqvuﬂﬂ1‘1‘]

2-42



- P as dd Y
UNN 2 NOYHUASIIUIVNGNINGIVON

] =3 o 4 . . . .
9614 15N 01T 80T 093D torsinal shear hollow cylinder f10 stress 1A strain non-uniformity

A 5 v 9 n: a Y a 3 @ :{
IUDI911 end-restraint (10 sample curvature Watelizeselnazduatuaine Uil

23.7 Non-uniformity lufia88130%114n15MAQ04 hollow cylinder

faTiunieaile hollow cylinder vzamnsaldfnymginssuvesiumeldaniizamudud
wannaoudiuidteduifisinnmsnsznevesnnuuiazamunivaedie himinaue lusaedie
Au

HO3IUYBY normal stress 110 torsional shear stress 9211 1INANTIDBIVDIAA major principal
stress MMM IRIEMIUAIRg19RUT1gUN AT hollow cylinder U39 torque inszyivz ¥ 1A shear
stress ﬁ'ﬂuﬁm@uaﬁmazuuauau 1 gradient Y04 radial stress {lQ¥ circumferential stress i]zkﬁﬂ%u
({9991AAMUUANAINTEM TN inner 11AE outer pressure 11104910N13 117 inner UAZ outer pressure K1Y
flexible membrane 9 IR iinA shear stress (1’%\1 vertical (182 circumferential) UU ﬁ')‘lli)‘ljwﬂ'ﬁ ﬁ'\n%u
M 0, 9215luA1 intermediate principal stress (e (0;=0;) msnaaouTaoialuinez1d inner ung
outer pressure TR UWTLT ¥ 1M gradient Y04 radial stress AapAAUMIYDIRIBO AT UgLY
sy 0=0y dmiulunsdinmmmaed major principal stress 92UANNFURUTA VA1 b it

—sin’ @ NAndnnInadeufind e 2 aungiie¥i1¥iAn stress 1ag strain non-uniformity
AUMAUINA® stress non-uniformity NiNANINAY IRIY8AIDE19A hollow cylinder 1HioANUIALT
youwAnsE Muatsasiaueuas il end restraint 9z IiRAn s Avutn/asuea stress 1 strain
UM IUBIRI0619AUIT D990 torque N3BIINAIMLANAIITZN I inner 11T outer pressure 992911
¥R stress non-uniformity MUNIIVDIAIBENAY ANUUANAIITENIN internal LAY external pressure
siifansfounlaces o, uas Opriumisvesdletisau wiialunsiives p, uag p, fifit

WihuLs torque RS IHRRMIAouITasues shear stress HIUMITIVBIAIB1AY anmmaTg
M 1¥iAA non-uniformity Y89 normal stress O, T, 1Az O, sofulumsinszinamsmaassezrily
31409 average stress 1AUMSNTZIWUD stress UAE strain Huladuvosginsamasnndiaves
fetheduazgumniAvesiy Widemmizndnieluiadedaly

Snmmanﬁwm strain non-uniformity Lﬁﬂtﬁﬁlﬂﬂ‘liﬂﬂ end restraint INAYINAITIANIY
38 platen LazAI0E1RUF 19571 1A radial shear stresses T, gLz LA VOIRIBN
au whhezamnsoanamiausnmiaiithidesuihuntswss torque lilgd200198U A1 shear
stress TIAANUZYNITIAANSIANAUYDA circumferential stress 1AZ bending moment Favziinanseny
AD vertical stress AZN1INYUYDA principal stress BONVINTTUIVUBINUIVDIAIBENAY NMINITTIY

« ! 1 :: { o [ . '
Y axial stress 90719 lieriwaue lauaaalugiii 2-38 92MUNHANTZNVYDS end restraint ABNTS
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unn 2 "qy{)“ﬂgq]u'JﬂUnlnﬂ'”/a\’

3 o o QQ ) = a =
nszmwmmmlﬁuﬂzwnugﬂmmmwmmmmmamaﬂu, NOANTIVVDIAU, LASTNTNYDINNY

y
au

Oz due to M,

Q]

T

Zf—\

il

jin 2-38  dauilsznevvesnannAuludIot19@u hollow cylinder 1aoN915841 end-effect (after Saada

and Townsend, 1981)

238  WIVLNEINY stress UAY strain non-uniformity

INNATINYBINANITENUYDY wall curvature 1AL end restraint 92¥ 1A stress (A strain 11
L") 1 a L) ) ; d”z L") a
A70819AU hollow cylinder ﬂi%‘ﬂ'lﬂi’)ﬂ'l\ﬂﬂﬂﬂ’llﬁhﬂ Naﬂsz‘n‘uu‘uuaqﬂugﬂmaquwmmmm

gy @ J

1 4
AIDU1AY, WOANTTUVDIAY, AT stress path IANRITOMAWMIUANYINANTZNUMATH TauArsuIn
3R QY
. 9y a d a J . . o [
Hight et al. (1983) aonumamsiinsed I ludiefuudues non-uniformity Y93AIDYN large
ICHCA 1Rgiuu$1a04 two—dimensional axisymmetric A linear elastic and strain hardening Modified
Cam-Clay (MCC) constitutive law Hight et al. (1983) T¥awls lueaums (2-8) (WoUs2IiUA stress

non-uniformity H1UAUINIVDIAIBE19AU hollow cylinder
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b

Ha(r)—b"'l-dr
(b-a)-o,

Tagh  ofr) AemsnszarsvesnnuduruimIveIRIBg9AY

(2-3)

B=

& ABANRDLYIININMINIZVILUBINNUAUNTUALNIVDIRI0019AY

& RSP - A R
o, ADITAVVDINNUIAU laotioun —2———

auag b Aesalinelutaznieusn

3U% 2-39 uaastionulunisiszidiugn stress non-uniformity Uag accuracy WU G AvAIANUIAY

a a4y y ) dyv a d o = o @ 5 . Y
lﬂﬁﬂﬂvlﬂﬂ']ﬂﬂ'li'ﬂﬂaﬂﬁ HUBNIINUIITIWITOUATIEHNIUDAUAYINUNY non-uniformity vlﬂ

Actua! distribution, olr)
real ave.§°

B

calculated ave. O

1oln) - &1

Stress, ¢

Inner wall Outer wall

§1lﬁ 2-39 UUINVDA stress non-uniformity (Hight et al., 1983)

3
MIANMIUANYIHANTZNUYEIgUNT INUSVIAGIAAD non-uniformity TUA2BE1IAY hollow
cylinder A20819AUTAIIUNUIVDINITI 25 U, SATinIouen 250 wy, Salintelu 200wy, waz

Wasuulasmnnugs #19819M15N3ZBYBIANUIAURUMITYBIRIDE1SAUT 2/3 Y01 failure stress
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TRuanaluziii 2-40 @29619AUYA isotropicaly consolidated 1171 p'=200 kPa tazMmuR AT RBULLY
4 { ' - ' P "o
21710101 117 shear stress 100 kPa ttagiinn p' Asitaa b=0.5 Tavlif1 inner 1< outer pressure M1AY
udrdunaN3NsE1006719 lai o uoUsY radial AT circumferential stress HIUHITAYDIA2DE19AY

b4 [ [
uammﬁffawumiﬂszinmmu"luﬁﬁwmnmm normal stress lﬂa‘l%'uuumaawmﬂmmu elasto-

plastic
A
3001 r
a, a

200
2]
a
x
=
b‘L.

- / .

™ {o," + 0, +0,%3,p'

100 8

———Calculated averages - -—Calculated averages
0 1 L Of . i
1 1-10 1-:20 bt/a 1 1-10 1-20 b/a
Elastic analysis Etastoplastic analysis

Stress distributions at g = 2 g,
3

3UM 2-40  M3NIZWUBINIMAUAIUNIIYDIAIBE1S hollow cylinder (Hight et al., 1983)

a a '3
jl‘lJ‘Vl 2-41 UTAINDNTENUUDY end restraint 31NN AATISHLUUD linear elastic YD1 fixed-end
{ v a ] 4 " @

sample ﬁﬂ'ﬂ“qq 4 muaxmnﬁ'umqutmmqmuiuuazmﬂuﬂnmmu 200 JU LA 250 W WA
Y9N NUAUYILABUAIY axial stress 400 kPa, inner pressure 350 kPa, L1Qi¥ outer pressure 400 kPa o

= a d o 9 d d a g . . (=)
il torque HamsARTIEHUEAAUTUIEY contour vRUUBTIFUYEIHANITIATIEY linear elastic TaelaiTi

1 a d '

end restraint 11 Poisson’s ratio v 0.499 WAN1IANTIZHILUEAA stress non-uniformity 3 gvaay

¥83i10813AU lasilAuTANgAND axial stress

2-46



P - Ao dd Y
UNN 2 NOUHUASIIUINGNINGIVON

31]?; 2-41

WABBIGH - P T
&
id. = 200 mm, od. = 250 mm _
D, = 400 kPa, p, = 350 kPa._ g, = 400 kPa H = 200 mm 100 3c
38

Q‘é
x_—‘
-
\\ S
—

H = 100 mm
] \ 115 105 130
bs / 5 190 100 105 95
90 ]1 105 110 ;95 110 9C
95|17/ 100255 15 99 115 85 44
/‘-90 1.2?;:\ f@o 1207 75
(£85 %
X ﬁ 80 130 L\ 70° :gg% f &
Jios 75 135 65
110
= 250
(a) Contours of 6 /0, . wdeight _H mm
All contours expressed as perceniage
ot stress predicted for a inear
elastic element without end restraint H = 200 mm

100

Guuge
tength

H = 150 mm

100
95
\ »
30
10
4 = 100 mm e \9\
]
&1
85 80 80
H%‘S 4 3
13 70 ¢
80 85 65 85 €5 85 65
s es S0EN| /77 J6¢ N/

(b) Contours of 6,/6, seuc Mig-height LH= 250 mm
H = 200 mm
c
3e
38

H = 150 mm I

H = 100 mm

100 ‘00—/10; 108 190
105 1104 110 105
11 1107 \
1a 2 115 ‘ AR
”1520‘ 5 2% 130 120 125 A

(c) Contours of 6/0, wu

—_

a J

MINTZNBY0IANIAUIUAIBE1N fixed-end hollow cylinder AIANMUFIANT91AMS

NI linear elastic (Hight et al., 1983)
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a a L4 ' W (] a
31N 2-42 HAAINAMIANTILHNANTENUYDA end restraint ADAIBLII hollow plastic WOANTTY
Y a o, {
‘uana@wmmnﬂu strain-hardening plastic 3 U7 2-40 uaas average stress path (b=0.5 a2 « =0°)
aa @ (] a s
UAYDIAI0H19AD inner diameter 200 11, outer diameter 250 U1, HATATINEFL 250 VN NITUAIIEHAIT
- - y a @ 9y v A A

32319904 normal stress (0, ) 1A% circumferential stress () TRuaasfiszauanufy 2 szaufon
a wa { a d J . A .3 §y 4
MR (¢,) ashi 2/3 ¥09 g, WAMIAATIZVUAAIT stress non-uniformity sziuAMTBTUT Indenae

a wa [ g Y ° 1 @ " a
1A BUN"liﬂﬂ'lilﬂ'liﬂiz’\]101163?1')11]1??14U\‘lﬂﬂﬁlﬂlﬁﬁﬂﬂﬂﬁuﬂ?5“?|’cT'JNﬂﬁN‘UE]\WI'J'EJUNﬂ'Ll

—Md-height Mid-height
D =
S
© C
oL
’ -]
&5 "%
I I
Elastic Elastoplastic Elastic Elastoplastic
analysis analysis analysis analysis
0, 3” a," Fﬁ
= — Mid-height Mid-height
o~ o- G
-F 0-8 < 0-9 > 1.2
09 <% %<1 [T L L
Koo <% i R e
111 <ZTc 12 g <08
¢ =g tag, t+a L
L ’ ] i

$ a 4 @ ]
§1lﬁ 2-42  MSANTILHMINTEOVBIANVAUVBIAIDEN fixed-end 200 mm height hollow cylinder

TauAIT A1 elastoplastic ae elastic (Hight et al., 1983)
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o

Hight et al. (1983) N915415EAVUDY stress non-uniformity N63n30e151 1814 ICHCA (iiea

B, <0.11 BATIAIUYDA outer AD inner cell pressure ﬁmeg:i:win 09<2e <12 yarlRiaue
pi

vy 9y Yy 4 o Y . . a " o -
ANNABININYBIANNANNAUNIZYITIN stress non-uniformity MinBunNAvzseuiuld 31l 2-43

UAPIAATNAING I (“no-go” area) Tulaozunsy g—b—-a

Isotropic plane

3UN 2-43 'laezunsawes “no-go” area Mtaun 1y Hight et al. (1983)

Say3ao and Vaid (1991) uuzainms 19auls B, iiolay Hight et al. (1983) a1wso
AzROUNAYDA non-uniformity TUAI8E14 hollow cylinder MunaAu'll wuauedlsdmiunans

. o o/ 1 é - &‘ 1
stress non-uniformity WIUNUIVDIAIDYNFIUNUFIUIINANIUUANAIIUDY effective stress ratio

’

(R = 21 dadiowsluaums 2-9)
G,
R —R.

— [ max min 2-9
Br=—"p—" (2-9)

av

= A . oo,
Taoh R uaz R_;, A19A stress ratio NNFAUALUDYYA

R,, ABA1 stress ratio INAY

31 2-44 LAASAIBIIIUBINIINTT910UBA elastic stress HIUMIIVBIRIDIIIAUNT]
9 [ d 1 @ ~ o
w@urnguenaranelutazmouenMIny 120 uu uaz 152 wu uaziinnumun 25 uu Tagyims

AnsrzinanwaINAY 2 i1 i (i) p=300 kPa, R=3, b=0 40T a =45° WAz (ii) p=300 kPa, R=3, 5=0.5
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[ ¥
and & =0° A1 stress non-uniformity coefficient ( ;) niauelag Hight et al. (1983) M5 UNIA0INTA

2 ! ol o B 1 o & a 1
T 0.07 Feeglunaisinoensuldn B, <0.11 ee1elsimuiioR1sanmnisnsz910ve4 stress ratio

o ad & ' : '
93 stress non-uniformity coefficients (B ;) Yoansdinunilaazaosns 1dm 0.32 uaz 0.46 Fa'l

[ sa [y ~ . A ’ a ' '
agluinaunneoniuldTay Saydo and Vaid (1991) iilosninuanshiesssiinnuuanaiavesn

mobilized shear resistance angle Tudn N triaxial MI0D4 10.5°

0, =300kPo;R=3:b=0;a =45°
490
360 \ {7,
3201 .
Jg
280 1

{ xPo )

240 1

Stress

200 1

160 1

120

T

SO 54 SB 62 66 7.0 7.4 78
Radial Position , r (cm)

(a)

( kPa )

Stress

Om=300kPa:R=3:b=05; Qm0

340

300 1

5.0 5.4 SB 62 66 70 74
Radiat Positlon , r (cm)

(b)

T 7.8

3 2-44 M3NTZIBV0A clastic stress HIUNTIVDINIBE1 hollow cylinder (SayFo and Vaid, 1991)

q' U - - aQ 3 L 1 o ~ .
p| 1N 2-45 HAAIN stress non-uniformity INNUUNUAN stress ratio (R) (Sayao and Vaid, 1991)

o 1 P % s [ Y & 1 &2 :’l’ [ 1
LHAZHUS U stress non-uniformity ‘DtUQUGUi‘U1ﬂlN€]ﬂ1 ﬂR <0.2 HINTUITATINUANVUANATNUDY

v T
AR, Az R, LA 20% AniuSauziiiiasaiugulvan stess ratio Yoond 2.5 iwe 1o stress

@ [

non-uniformitiy 0§ luszaunveusu'ld
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0.7 4 bw05; Q=0
(o)
0.6 R,~ R = 254 mm
-
§ R = 50.8 mm
< 0.3
°
S
2 ﬂ“
E
9
B
2
c
]
=z
A, .
t 1 1 T 1
a
£ 63 be0: =4S
$ (b)
3 R~ R;= 254 mm
E o4 £
K R, 50.8 mm R
2 o034
£
W
9
‘e 0.2 4
3
c
Z g
0. 4 3 3 )
bl et et
) SR TN I Ay (5o St o S e e i i |
1.0 .4 1.8 212 2.8 3.0 LR} BY
R = UI /03

§ﬂﬁ 2-45 WANILNUVDA stress ratio ADA non-uniformity coefficient (Say50 and Vaid, 1991)

uanmﬂﬁmifaﬁ;ﬂ’hﬂmﬁuﬂ11nwuwmwﬁwztﬁu stress non-uniformity 4azN13 143l
MolunINn 40-50 M VLAWIT0AA stress non-uniformity 14

Wijewickreme and Vaid (1991) a5 1&H stress non-uniformity 1fi'mmﬂ curvature Y99AI0819
hollow cylinder Tag 19115 1003AULY linear-elastic 11aZ non-linear (elastic) hyperbolic gﬂﬁ 2-46
(ARINMTNTLIWVDIAN stress ratio HUMITIVBIRIBLIITTA 5=0 1Az 0.5 uaz o =0° uag 45° i R=2
%QWU’i‘INﬁﬂﬁ?Lﬂi‘l:‘,ﬁTﬂUll'U‘UihﬁEN linear elastic LLTIAY stress non-uniformity ‘ﬁu‘lﬂﬂ’l"lﬂaﬂ'lﬂ

HUU1ADY non-linear
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31 2-46

VALUE OF B IS INDICATED

IN THE BOX.

155~ v A x
2.5J

4 ©b=05: QT =4a »

) ’//‘;4’-;,-_

o 3l il
{019 o~ s e
= A

TR

] .oy Incremental Elastic

d--" @] Hyperbolic

3 T e, M e Linear Elastic
1.5 ' T T

5 6 7 8

Radlus cm

ATNTLIBUBIA stress ratio HIUNIIIUBIAIBE1S hollow cylinder 71 p'= 300 kPa, R = 2.0,

uag Dr=30% (Wijewickreme and Vaid, 1991)

4 a a d . o . . !
WANITUIHAN T AATIZHUUL non-linear Wijewickreme and Vaid (1991) W1 stress non-

. . A X o oA o s P 4 0y vy a ea 4
uniformity 3INUYUNY stress ratio NA1 R Wl‘]LlﬁﬂZUﬂ'lﬁﬂaﬂmflﬂﬂiﬂaﬁﬂ'l'):‘ﬂﬂﬂ z‘lh’l 2-47 LA

Y ) o Y A &
LY contour YD ﬂR 11“’]5']7{ b —o AMNIUVAMWANUIAUN R=2 LA R=3 FIWCUTAAINITDADIVDY

o . . A . LA X a4 a P o =
32AVUDY non-uniformity LUDAN effective stress ratio INUYU (ﬂaummmﬁmﬂzmnm’lugﬂ 2-48)
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(a) Linear Elsstic (Sayao, 1909) {b) Incremental Elastic Hyperbalic

3UN 2-47  (dU contour ¥BaA1 B, N1 p’ = 300 kPa, R = 2.08 1122 Dr = 30% (Wijewickreme and Vaid,

1991)

b

i
S0

{8) Linear Elastic (Sayao, ‘9€9)

(b} Incrementai Elastic Hyparbolic

gﬂ'ﬁ 2-48  |@U contour Y8R Br f p'=300kPa, R = 3.0, ta¥ Dr = 30% (Wijewickreme and Vaid,

1991)

24 MIIANGANTTH stress-strain
a . a é’, o w ° o a L4 a Y
WOANIIY stress-strain YoIAUHUG R RYINFIMTUMIART Ty IMedIrInssulgi faomg

v v
uiaiTEnmnnmelumsysziliumgAnssu stress-strain 10z stiffness vosauNslutonlfriimsuas

Tueruny
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Tomsdanm stiffness vosAuvzuanadu llauvinavesnaioaficuls 314 2-49 uans
VBAYATDINNUIATIATIMIUAITNANDIAIY (Ishihara, 1996) anuiAdsagezmnzaiiny1$ms
NAABAULUYNANY 19U triaxial, direct shear, A% unconfined compression test UM inNNIAT AT
9%121\311‘1ﬂil$ﬁ‘9~11‘ff‘ﬂ15 NA0DY dynamic loading Ty wave propagation technique (%4 resonant column test
1182 Bender Element test d'm'luﬁumﬁﬁ 1150 1¥MINARDA in-situ shear wave velocity tests, cross-

down hole seismic test, Li0Y pressuremeter test

Magnitude of strain 10 107 10°* 10° 10” 10"
Wave propagation, Cracks, differential Slide, compaction,
Phenomena vibration settelment liquefaction
Mechani ! . .
mc.al‘ Elastic Elasto-plastic Failure
charecturistics
Effect of load b .
.. ~ 7z
repetition
Effect of rate = -
. ~ 7
of loading
Angle of interal
Constants Shear modulus, Poisson's ratio. Damping friction, cohesion
Seismic 2 S
wave method
In-situ In-istu i ,
. . ~ 7
measurement | vibretion test
Repeated b5 N
. ~ 7
loading test
Wave propagation
N S
_precise test
Laboratory Resonant column - s
. 7
measurement | precise test N
Repeated < S
. N 7
loading test

31 2-49 voUWAYBIANUIATUA TAUMINATBAYIIAA1NY (Ishihara, 1996)

f11 stiffness maaﬁuﬁ"lﬁ'mnmsmamehm%xﬁf’huﬁﬂﬁhqﬁu suhudetinst
stiffness 91NNINATDIANAY 2zABIRN I TT0R19A20 19U
- strain level
- stress state
- MITUNIUYDIAIBUIIAY
- mode of shearing
- stress/strain rate

- drainage condition
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unil 2 nguijuazauIsemneIves

- discontinuity
y ]
Tudene lllvzetuisasnafimsnanssludeslfiidnsuaz luauui1$lums Yaa

a . a 4 2 . .
stiffness LLAZNEANTTY stress-strain YBDIAUN small 09 intermediate strain

v a ey
241  msnaaedluviealfinms
i) Advanced triaxial test
o e Hq v o = A =2 a i a
A1INARDA triaxial (HUNINARBIN1FAUINNNGAINDNSANYINGANTIN stress-strain VOIAU U
a ea 4 s o ' . . a a d
Weulfiiams iilesnnmsaszmindennud1inyuesni small strain stiffness ¥oaaulumMsAnTIZY
a s [] a 4 4' o -3 LY o '
Yyrmadeanssulgh (¥u MsdnazimsndsudIvesnuyaIzuAumsilaoullasuesm
. . 2 o v A @ A A 3 = A Y @ =
stiffness 910 small strain) 39/ 17 lufaguiudimswamun3 oile triaxial iNe I a s dasinnunson
a ] [] o cg . . . . g
‘umﬂuﬁmﬂamazuuuuwu N15NAADI monotonic triaxial 1Y local strain measurement NA18EIU
aa = a 5 a s =1 9/ 9y
msnaassnioy 1 lunsAnuINGANTTU stress-strain YosAU luvoUAANNIATEANN T ToRves
1INAABI monotonic triaxial A AMVAIWIT0 TUNITAIUYY strain rate, A1U150IAATIA 1UT
Py o w ] < o w
ANUIATEATINIG, ANTONIUAY stress path, LAY FsANATBUMUMAY 8819 lsAmudetiinaves

E 4
msnaasstine luaunsodian damping ratio saduluminaaes cyclic test

ii) Bender Element test
@ X > g a o .
N13NAADY bender element Wt 1A 1Ay Shirley and Hampton (1978) 111435 11401530 small strain
. Y . a o 1 = - o " a
stiffness 1Atz 1aA elastic shear modulus Y94AUINNITIAAT shear wave velocity NINNIUAIDYINAY
¥ '
JZUUAIINANDA bender element A1150AAAL 1A TWiAS siionaansluresdfiiansdininn ua
Tagunaz 145 UAT 04110 triaxial (U Dyvik and Madshus (1985)) YH1AYBIAMMIATIALUAIDN
¥ v v

a a ] . @ @ d
AUYDINIINARDITZ1 B8N 0.001% (Dyvik and Madshus, 1985) Aaiumsnaastiazidlunisnaass

uuv livihane

]
PSS

' a < EL a
A1 elastic stiffness N1 1A91NN1INAADY bender element %Lﬂuﬂiﬂwuﬂlumsixuigminﬁ'u‘w
s o o a d :
mmm‘%uwﬁﬂuwm stiffness degradation curve @11 IUNITAATICVIHANITNANDY dynamic 130 small-
o o @ { a da o o [y . .
strain cyclic loading wazdailudulsndeanslumsinseiiBaiaavdmsy non-linear numerical

o o 4 X
analysis IANUATYANGIVU (Jardine et al., 1991; Stallebarass et al., 1997)

ili) Shear-plate transducer
a . 2 LY 42 Y
E‘IJ'YI 2-50 UEANNTNI19VDY shear-plate transducer #31lsznouniy electrode NNITDIATULIAY

' v
VUIUAUNANINUBDINTG polarization MSINAOUAIVDY shear-plate transducer 3¢AININAUNANINIG

¥ : ¥
IAUN19UD shear wave MIAAAIUATDIND shear-plate transducer UUMOUA DYDY bender element
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31]‘?! 2-50 Shear-plate transducer (Brignoli et al., 1006)

Ismail and Rammah (2005) "lﬁ'ﬁﬂmms 1s Sqmﬂ‘l’f' shear plate MOUNUMS 1‘1’1' bender element W@

MINARBUAAITITBYAIN shear plate 11T bender element A1 xRN 2.5% Feasatuwanisinu

E 4
Y04 Brignoli et al.,(1996) UININI shear-plate 941112 NN bender element ‘1umswﬂﬁamu

undisturbed stiff soil, sand, LAZAUNN large aggregate IN31E shear plate lutimssunuaietiedunn

a ¥ ' o v a ' '
N1IAAAY QU'Nulile'lll bender element 1141]13931%}719]'ﬁﬂ\'lﬂ‘l]ﬂ“!ﬂﬁﬂ')f]ﬂun']ﬂﬂ'ﬂ

iv) Resonant column test

[ { 4 o a E a
15NAADBY resonant column (UM INARBINAzAINNFATUNMI TANGANTTU dynamic vosauu

_— .: — 2ad
#oaUf1iAMS Hardin and Music (1965) TdoTunemquiuazisnmsnanes msnaasaiiiiiugiuuien

a 4 o [ " a o ad
HANTIUATIEUN NN BHUDIAN shear modulus 1]6\1llﬂQﬂuﬂiqﬂiz'UﬂﬂﬂﬁUﬁl'Jﬂﬂ'ﬂ”ﬂﬁ resonant 11‘!

" 1w a4 1 i . 1 { & [~
mMinAaosa a1y axial AeAI0d19AUTBY I triaxial AN shear modulus 71 lANINAIINARBITH ST

amaNuasoam @z 10° % to 107%)

v) Torsional shear hollow cylinder test

4 . . 4 da a . a
130919 torsional shear hollow cylinder tﬂuﬂuﬂuiﬂuﬂﬁﬁﬂqumﬂi 34 anisotropy Y93IAU

. v vy b4
Lﬁmmmﬂ?mﬁaummmmquwmmm principal stress LQENANIIVDI major principal stress

y
Taumsnugueauls 4 A9f0 axial load, torque, HAZ outer 1A inner pressure UBNYINTIGIA WD

' o 7 3 ' oo ¥ 4
AVAULUAZIANT back pressure llﬁ&"‘fnﬂﬁﬂﬂﬁﬂﬁﬂﬂﬂluﬁﬂ1Wi$U1UH1ﬁ31HS$‘U1UN1 muutﬁaﬁmaz

v
YOUIYANINUAYNAIUANZH IRANHIHANSZNUVBINANINYBI major principal stress HAZVUIAYD

intermediate principal stress
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232 manaasslumny
i) Pressuremeter test
o a [ | a
AINAAD pressuremeter test Wlumsveensanszuenon luavsenlunuaiad NOANTTUUDI
a <2 v o o - @ A ;
auaunsafne ldnnmsiamanusunazmsnasunlawesSinasuazSaliveansanszuonil
y
Taungqun1snanesiiannsnIan strength, stiffness, consolidation parameter, 1482 in-situ horizontal
stress NINANBI unload-reload cycle AMNTOANYINGANTIY non-linearity oAU 14
; . @ 4 ; ;
(A3Bil0 pressuremeter (luz1il 2-51(2)) Whummsenszuensnine inanudnidesms lu
] 1 4
vquinziaziimsiauaulu cel Anmdulnds probe uaaalugildi 2-510) nsldusaupuil
& o . 3 - § L4 a 3 A.l = L % d'
lmJEI‘Llﬂ'lJﬂiyﬂlcylmdncal cavity expansion AINAUILINVAUGBUAZUMIIAMSIAsulaves
@ ? 2 d ' .
Winas nasnmivez ldns pressure-volume change Favzannsal¥inserinia elastic modulus,

shear modulus, 410 undrained shear strength 11

Gas pressure to 5 %
/ inflate guard cells Directions of '\~

ot
-
1 cell (W= =X
Ao A4
\ s
\ L
fe— Pressure A s
7

e ——
[
t‘°
1 li
s
h 7/
\

cell \ ’

N
"~ Guard ¥
cell B

J

(a) Vertical section (b) Stresses near probe

gil‘ﬁ 2-51 Pressuremeter test (a) Meard pressuremeter g (b) anurulnd probe (Budhu, 2000)

i) Geophysical method
— & o . as . a )
NINANBINVY seismic test 1WUITAITNI geophysics survey 1u7% seismic vziin15dq elastic
pulse (38 continuous elastic wave) nARANLAIaNs duazifouvesRunyaaaquuiau Taold
. o a 4 o ] o 4 a4
seismometer 30 geophone M3 aszozna lumsAunvesnau ldigadngasiianusnduiile

HIUAY mm’faqaﬁazmﬁ'mmm‘?miwﬁm elastic wave velocity vaqau§'ud1aqstazﬁ’ﬂymzn1i
Gosavessuay

1IBNINAADILVY seismic test NAWLL 1Y cross-down hole seismic test LAY seismic cone
penetration test N113NANDY cross-hole seismic test ﬁuvzﬁmqumz 2 nquﬁj’,’szu:ﬁmmzﬁmﬁz@ wave

2 » : Y 4
source LAY receiver ‘1uszﬂummnuinnuu‘%’mm:uznmﬁﬂﬁuﬂlﬂumsmumﬁzmwnqnmamn
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@ ' . . da o @ = 1
izﬂ‘Uﬂ’JmﬁﬂﬂN‘] N1INAaD3Idown-hole seismic test ﬂﬂﬂﬁﬂﬂ'liﬂf’l"lﬂ"]ﬂﬂ‘llﬁ)d cross-hole (oA 14
L] é a ".’; d‘n a o d' 4 4 d'
NAURICINEINUINQY TayazAnAa wave source NAIAUIAZ IATTOZIIAIMARUITIARDUH 1184 sensor
— q Ya ) 9 ] . (] a a & =3 J
noglaaulungu Tuuansaie199z1d source 8¢ lUMquUUAZ receiver BYUUAIAUTIRLFINNNT
NAAD up-hole method
dl d. e gl @ L
A13NAABA cross-hole seismic method v IR YoyanAMuINUFUAUTLILITIY daumsnaaes
) \J a‘l o J 1= =)
down-hole seismic method 3¢5 ImgnnIwazansalidoyasuduldaniumiidedonodsins
Hda o0 o A P < A
source NUMANINIBNANDINATINANUINIIBIIN energy decay
g a 1
AN3NANDA seismic cone penetration test (SCPT) 1JUDNIB 1UNITMIAT in-situ seismic wave
s 2 ° a d e a [] . .
velocity 992101 T 19 lun1sAns 1z viguuan1iRuesdu 15U shear modulus 110 Poisson's ratio 113
NAAD5ZNOURNTIATZUZININTIAUNIVBINAUNIAUNIINIA wave source UUAIAU T1lgund
da ¥ e & T -IE S - R

499 geophone NAAAIDY 11 seismic cone penetrometer Ngnnaas 1 1ARIAY AAUNAEUNILTING shear

wave (S-wave) U102 compression wave (P-wave)
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